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ABSTRACT 
 Obesity is a disorder of energy imbalance in which energy intake exceeds energy 
expenditure (EEX). Brown adipose tissue (BAT) is unique in that it can increase whole 
body EEX when it is adrenergically activated. The thermogenic capacity of BAT is 
mediated by mitochondrial uncoupling through the activation of Uncoupling Protein 1 
which uncouple respiration from ATP production. Mitochondria is a dynamic organelle 
that undergo continuous cycles of fusion and fission. Alteration in mitochondrial dynamics 
correlates with changes in energy efficiency in different cell types; however, its role in 
regulating EEX in BAT has not been investigated. 
 Here we describe that mitochondrial dynamics is a physiological regulator of 
adrenergically-induced changes in EEX in BAT. Norepinephrine (NE) induces 
mitochondrial fragmentation in brown adipocytes (BA) though posttranslational 
modifications - phosphorylation and proteolytic cleavage -of mitochondrial dynamic 
proteins. NE-induced EEX is reduced in fission-deficient brown adipocytes while forced 
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mitochondrial fragmentation increases the respiration in response to exogenous free fatty 
acids (FFAs) indicating increase in EEX.  
 We further investigated whether forced mitochondrial fragmentation in BAT could 
be utilized as an approach to increase whole body EEX is response to FFA in vivo. We 
found that a mouse model with forced mitochondrial fragmentation in BAT (BAT-
Mitofusin2-KO) gained less body weight and less fat mass and remained more glucose 
tolerant and insulin sensitive under high fat diet (HFD) compared to the wild type. 
Additionally, FFA oxidation was enhanced in BAT-Mitofusin2-KO mice indicated by 
lower respiratory exchange ratio. 
 We also found that subcellular heterogeneity in dynamics leads to the generation of 
subpopulations of mitochondria with diverse bioenergetics characteristics within the same 
cell. We described that a subpopulation of mitochondria surrounding the lipid droplet in 
BA had higher ATP synthesis capacity, supported by higher ATP synthase protein 
expression and elongated morphology. We suggest that this subpopulation of mitochondria 
is responsible for addressing the ATP demand of the BA when it is not activated. 
 In conclusion, changes to mitochondrial dynamics are required for BAT 
thermogenic activity and for the control of EEX efficiency from sub-cellular to the whole 
body level. Additionally, mitochondrial dynamics in BAT can regulate fatty acid oxidation. 
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CHAPTER ONE - INTRODUCTION 
Why Losing Weight is Very Difficult to Achieve 
 Why is losing weight so difficult to achieve? Role of physiological adaptation in 
energy expenditure in response to low calorie intake: 
 Obesity results from energy imbalance when energy intake exceeds energy 
expenditure. Negative energy balance is required to reduce body weight and it is achieved 
by increasing energy expenditure (EEX), reducing energy intake, or both. Dieting and 
exercise are key strategies in obesity treatment despite the evidence of their failure to 
achieve long-term weight loss. The poor outcome of life style intervention programs in 
weight loss was reported in 1950 by Albert Atunkard when he reported that “most obese 
people will not stay in obesity treatment program and among those who stay, most will not 
lose weight. Most obese people who lose weight, will regain it later.” This statement is still 
valid today (Dulloo and Schutz 2015).  Although dieting and exercise approaches for 
obesity treatment have been reported to be generally associated with about 10% weight 
loss, most patients regain about 30% of the lost weight in the year following treatment, and 
in 3–5 years they will return to their baseline weight (Ross 2009). Such poor prognoses are 
partly explained by patient’s poor compliance to the prescribed regimen (Dulloo and 
Schutz 2015). However, even when patient carefully followed the prescribed dietary and/or 
exercise, the achieved weight loss has been shown to be less than expected (Heymsfield, 
Harp et al. 2007, Byrne, Wood et al. 2012, Kouvelioti, Vagenas et al. 2014, Dulloo and 
Schutz 2015).The two main challenges are why losing weight is so difficult to achieve and 
why long term maintenance of the lost weight is even harder? Physiological adaptation 
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leading to reduced energy expenditure seems to compensate the imposed reduced energy 
intake to some extent. The reduced total energy expenditure in response to weight loss is a 
consequence of reduction in several compartments of daily EEX (Dulloo and Schutz 2015). 
While some of the physiological signals that result in compensatory mechanisms in 
response to change in energy balance or variation in body weight and body composition 
have been investigated (Maclean, Bergouignan et al. 2011, Dulloo 2012, Blundell, Gibbons 
et al. 2015, Dulloo and Schutz 2015, MacLean, Higgins et al. 2015) in order to overcome 
this adaptation, further studies are required to uncover the molecular mechanism of this 
physiological response. 
 
Adaptive Thermogenesis Controversies 
 Adaptive thermogenesis controversies, a physiological adaptation in EEX in 
response to high calorie intake: 
 On the other hand, over nutrition and energy intake leading to obesity seems to also 
trigger physiological adaptations in order to compensate for the extra energy intake to some 
extent. This was first reported by Rothwell and Stock in 1979 when they observed that 
overfeeding resulted in less weight gained than anticipated from caloric intake (Rothwell 
and Stock 1979). Since then there have been many studies investigating the mechanism 
and the tissue responsible for the adaptive thermogenesis. BAT has been hypothesized to 
regulate adaptive thermogenesis and to be a potential target to increase EEX and potentially 
promote weight loss (Rothwell and Stock 1979, Wijers, Saris et al. 2007, Vosselman, Brans 
et al. 2013, Lee, Smith et al. 2014). However, the evidence supporting the role of BAT in 
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this adaptation are still controversial. Rothwell and Stock initially reported that adaptive 
thermogenesis was inhibited by β-adrenergic antagonist, propranolol (Rothwell and Stock 
1979), suggesting the involvement of β3 adrenergic stimulation of BAT in this process. 
Later studies showed that UCP1 knockout (KO) mice are heavier than the wild-type (WT) 
even under chow diet when they are kept at thermoneutrality (Feldmann, Golozoubova et 
al. 2009). Further, Liu and his colleagues have shown that BAT transplantation in mice 
resulted in reduced body weight (Liu, Zheng et al. 2013). Over expression of UCP1 has 
also been shown to be beneficial in diet induced obesity. The resistance of heterozygous 
and homozygous aP2-Ucp1 transgenic mice to obesity plus the evidence demonstrating 
that exposure to cafeteria diet resulted in increased BAT mass, oxygen consumption, 
respiratory enzyme activity, and UCP1 protein (Kozak 2010) are all supporting the 
hypothesis that thermogenesis resulted from elevated expression of Ucp1 reduces diet-
induced obesity (Kopecky, Clarke et al. 1995, Stefl, Janovska et al. 1998). However, other 
studies rejected this association (Ma and Foster 1989, Anunciado-Koza, Ukropec et al. 
2008, Celi, Brychta et al. 2010, Kozak 2010, Schlogl, Piaggi et al. 2013, Vosselman, Brans 
et al. 2013, Peterson, Lecoultre et al. 2016).  In one study, although cafeteria fed rats 
exhibited DIT characterized by an increase in whole-body resting oxygen consumption, 
BAT showed similar levels of oxygen consumption in rats fed either a cafeteria diet or 
control diet. Thus, DIT was not attributed to increased BAT oxygen consumption (Ma and 
Foster 1989). This study was further verified by a study showing that oxygen consumption 
increases comparably in Ucp1 KO and WT mice when the diet is switched from chow to 
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high fat/sucrose (Anunciado-Koza, Ukropec et al. 2008), indicating that adaptive 
thermogenesis is independent of Ucp1 expression. 
The Molecular Mechanism Regulating the EEX, Key Question in Metabolic 
Adaptation 
 Understanding the molecular mechanism regulating the EEX could answer key 
questions in metabolic adaptation: 
 Despite the disagreement regarding the source of negative and positive adaptive 
energy expenditure, all of these studies are in agreement in respect to the existence of 
adaptive energy expenditure in response to both negative and positive energy balance. The 
process of whole body energy homeostasis is a complex process mediated by several 
metabolic and hormonal signaling pathways in multiple tissues (brain, skeletal muscles, 
white adipose tissue, and brown adipose tissue) and they all might play a role to some 
extent in providing the balance in energy homeostasis when it is impaired. Despite recent 
attempts to uncover the key regulatory mechanism of adaptive thermogenesis by several 
groups looking at multiple tissues including skeletal muscle, white and brown adipose 
tissues (Lowell and Spiegelman 2000, Brown, Koza et al. 2002, Ukropec, Anunciado et al. 
2006, Anunciado-Koza, Ukropec et al. 2008, Ukropec, Ukropcova et al. 2008, Kazak, 
Chouchani et al. 2015), this is still a matter of investigation. Therefore, investigating the 
molecular mechanism of energy expenditure might provide further information to 
understand how adaptation in EEX is regulated. It might also provide a potential 
therapeutic target in order to increase EEX above its threshold when body weight increase. 
In this regard, brown adipose tissue’s unique capacity to switch between coupled and 
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uncoupled EEX can serve as a unique system to study the regulation of different states of 
energy expenditure. 
 
Brown Adipose Tissue’s Coupled versus Uncoupled EEX: 
 In response to cold exposure, BAT generates heat to maintain core body 
temperature. This phenomenon is known as cold-induced thermogenesis (CIT) and is 
mediated by uncoupling protein 1 (UCP1) located in the inner membrane of mitochondria. 
Three types of adrenergic receptors (β, α2, and α1) have been reported in mature 
adipocytes. Although the distribution of these receptors seems to be different between 
human and rodent BAT, norepinephrine (NE) secreted in response to cold seems to interact 
with all three of them (Cannon and Nedergaard 2004). These receptors are associated with 
activation of multiple signaling pathways in the brown adipocytes regulating energy 
expenditure at different levels, from gene expression to metabolic pathways (Cannon and 
Nedergaard 2004). Interestingly, it appears that BAT activation requires neural adrenergic 
secretion which is mediated by sympathetic neurons that innervate the tissue. Recent study 
by Vosselman has shown that systemic activation of β adrenergic receptors in human 
subjects does not activate thermogenesis in BAT (Vosselman, van der Lans et al. 2012). 
The sequence of mechanistic events after stimulation of adrenergic receptors has been 
described. In summary, β3-adrenergic stimulation increases intracellular cAMP levels, a 
second messenger which mediates intracellular effects and metabolic regulations of 
multiple hormones and neurotransmitters as well as gene expressions. Elevated level of 
cAMP activates Protein Kinase A (PKA) activity. Protein kinase A (PKA) is a key 
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regulatory kinase controlling both the lipogenesis and lipolysis in adipocytes (Berthet, Rall 
et al. 1957, McKnight, Cummings et al. 1998, Rogne and Tasken 2014). In order to specify 
the broad range of substrates for PKA and provide spatial specificity, a series of proteins 
called kinase anchoring proteins (AKAPs) target PKA to different subcellular 
compartments close to its specific substrates. In addition, subcellular distribution of cAMP 
phosphodiesterases (PDEs) creates local pools and gradients of cAMP to further specify 
PKA mediated signaling pathway (Tasken and Aandahl 2004, Scott, Dessauer et al. 2013, 
Rogne and Tasken 2014). More than 75 proteins have been identified to date with a PKA 
anchoring site (Tasken and Aandahl 2004, Scott, Dessauer et al. 2013, Rogne and Tasken 
2014). Cytosolic lipases and other proteins involved in lipid breakdown are among PKA 
substrates. PKA phosphorylation of cytosolic lipase HSL induces lipolysis and 
consequently increases FFA intracellular concentration.  Elevated FFAs concentration 
activate UCP1 (Cannon and Nedergaard 2004). Although potential hypothesis have been 
proposed by several groups, mechanism of the UCP1 uncoupling function and FFA 
involvement is still open for investigation (Fedorenko, Lishko et al. 2012). Activation of 
UCP1 then de-energizes BA mitochondria and results in the removal of the proton motif 
force required for ATP synthesis. Although some of the required ATP is provided by 
increasing glycolysis (Cooney and Newsholme 1982), mitochondrial glucose oxidation and 
TCA cycle also has been shown to be critical for maintaining ATP during 




Role of Brown Adipose Tissue Activation in Increasing Whole Body EEX 
 Brown adipose tissue activation plays a significant role in increasing whole body 
EEX and serum glucose and FFA clearance despite the activation of the compensatory 
mechanisms: 
 Unique characteristics of BAT serve to enhance its metabolic activity indicated by 
increase in blood flow (Foster and Frydman 1979, Orava, Nuutila et al. 2011, Muzik, 
Mangner et al. 2013), oxidative metabolism (Ouellet, Labbe et al. 2012, Blondin, Labbe et 
al. 2015), and glucose and free fatty acid uptake (Virtanen, Lidell et al. 2009, Orava, 
Nuutila et al. 2011, Ouellet, Labbe et al. 2012, Chen, Brychta et al. 2013, Chondronikola, 
Volpi et al. 2014) following cold stimulation. Regulatory role of BAT in plasma 
triglyceride (TG) metabolism in hyperlipidemia and obesity is also demonstrated. Acute 
cold exposure is typically able to increase EEX by 5-80% (Ouellet, Labbe et al. 2012, 
Peterson, Lecoultre et al. 2016), correlated with increases in BAT activity. This increase in 
EEX is also accompanied by hyperphagia which potentially compensates some of the 
increased EEX. longer-term cold exposure has been shown to upregulate BAT activity and 
mass (Cypess, Lehman et al. 2009, Saito, Okamatsu-Ogura et al. 2009, van der Lans, Hoeks 
et al. 2013, Yoneshiro, Aita et al. 2013, Blondin, Labbe et al. 2014, Lee, Smith et al. 2014, 
Blondin, Labbe et al. 2015) and increases CIT (Davis 1961, van Ooijen, van Marken 
Lichtenbelt et al. 2004, van der Lans, Hoeks et al. 2013, Yoneshiro, Aita et al. 2013), which 
could potentially result in mild reduction of body weight (Yoneshiro, Aita et al. 2013, Lee, 
Smith et al. 2014) and slightly improved glucose metabolism (Celi, Brychta et al. 2010, 
Blondin, Labbe et al. 2014, Chondronikola, Volpi et al. 2014, Lee, Smith et al. 2014). 
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Therefore, it has been proposed that routine exposure to cold may be a therapeutic approach 
to enhance EEX and to improve metabolic health through CIT mediated by BAT (Peterson, 
Lecoultre et al. 2016). Recent study investigating the effect of intermediate cold exposure 
on BAT activity, obesity and glucose metabolism in mice showed that although energy 
expenditure was increased, body weight stayed unchanged due to increase in food intake. 
Interestingly, despite the lack of weight loss, the cold-treated mice showed transient 
improvements in glucose homeostasis (Ravussin, Xiao et al. 2014). Therefore, BAT 
activation can be metabolically beneficial regardless of the change in body weight. 
 
Challenges in Non-Adrenergic Activation of Brown Adipose Tissue 
 Non-adrenergic activation of brown adipose tissue still remains a challenge: 
 One of the challenges in activation of BAT approaches is to find longstanding 
activation mechanisms that cannot be reversed by physiological compensatory responses. 
While the most physiological process to activate BAT would be to lower the ambient 
temperature, it might not be a practical approach as a therapy due to the heterogeneous 
metabolic responses among individuals. Indeed, energy expenditure boost during short 
term activation of thermogenesis can be compensated by various mechanisms including 
increase in food intake (Cannon and Nedergaard 2009, Tam, Lecoultre et al. 2012). 
Furthermore, adrenergic activation can have strong deleterious effects, particularly in other 
tissues such as the heart. Thus, a non-adrenergic, mild but constant activation of BAT 
specifically is a more wanted therapeutic strategy besides other lifestyle interventions to 
prevent or treat obesity and related metabolic disorders. On the other hand, it has been 
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suggested that increased levels of plasma FFA or lipids can induce thermogenesis. 
However, studies performed in rodents show that BAT energy expenditure induced by diet 
is not directly influenced by nutrient availability but by adrenergic stimulation (Bachman, 
Dhillon et al. 2002, Betz, Bielohuby et al. 2012). This emphasizes that any benefit from 
BAT expansion is mostly dependent on the ability to stimulate the β-adrenergic receptor 
or downstream targets of this receptor. To identify mechanisms that would allow for an 
elevated level of the basal energy expenditure in the BAT, the molecular mechanisms 
involved in BAT activation downstream of adrenergic response need to be further explored. 
 
Role of Other BAT Mitochondrial Proteins in Adrenergic Stimulation of 
Uncoupled EEX 
 Other BAT mitochondrial proteins except UCP1 might play a role in adrenergic 
stimulation of uncoupled EEX:  
 Although UCP1 transgenic mice have shown improved reduction in body weight, 
studies investigating the lack of UCP1 in UCP1 KO models suggested the existence of an 
alternative thermogenic mechanism beyond UCP1 (Kozak 2010). Moreover, it has been 
shown that UCP1 doesn’t play a key role in thermogenesis in response to gradual reduction 
of ambient temperature as opposed to the rapid drop of the temperature, suggesting the 
existence of an alternative thermogenic pathway beyond UCP1 but downstream of 
adrenergic stimulation. Thus, the observation that brown adipocytes (BA) in culture do not 
respond to plasma levels of FFA (the activator of UCP1) by increasing uncoupled 
respiration, is not a surprise. FFA are at their highest levels in the starved state, a condition 
  
10 
that requires energy conservation, rather than dissipation. Similarly, FFA elicit only a mild 
effect in non-adrenergically activated BA in culture. Several groups have investigated the 
adrenergic stimulation pathway, lipolysis and UCP1 mechanism of uncoupling in response 
to FFA as well as its regulatory role in whole body energy expenditure and thermogenesis. 
However, the effect of adrenergic stimulation on mitochondria has not been investigated 
sufficiently. The exceptional thermogenic capacity of BAT is enabled by abundant 
mitochondrial content containing uncoupling protein 1 (UCP1). Therefore, understanding 
the role of mitochondria in regulating energy expenditure and FFA activation of UCP1 
requires further attention in BAT. 
 
Compartments and Functions of Mitochondrial Dynamics, in Mitochondrial 
Life Cycle 
 Mitochondrial dynamics, its compartments and functions in mitochondrial life 
cycle: 
 Sub serving the role of mitochondria in fuel oxidation, generation of energy and 
regulation of life and death of the cell, is the mitochondrial life cycle. This organelle is 
very dynamic and undergoes continuous cycles of fusion and fission events. Proteins that 
mediate mitochondrial fusion include Mitofusin 1 and 2 (Mfn 1 and Mfn2) for 
mitochondrial outer membrane fusion. The GTP hydrolysis makes conformational changes 
in the homo and hetero dimers of Mn1 and Mfn2 to facilitate the outer membrane fusion. 
(Liesa, Palacin et al. 2009) Mfns also regulate mitophagy upon cellular stress through 
phosphorylation by JNK or PINK and ubiquitination by Parkin so that it will be degraded 
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through proteasomes and leads to mitochondrial fragmentation (Liesa, Palacin et al. 2009). 
Opa1 is controlling the inner mitochondrial membrane fusion and cristae structure. There 
are a set of mitochondrial matrix and inner membrane ATPase proteases that control the 
Opa1 pro-fusion activity through its proteolytic cleavage to shorter forms. The known 
proteases located in mitochondrial matrix are Paraplegin, and Oma1. Yme1 as well as 
PARL are located in the inner membrane of the mitochondria (Liesa, Palacin et al. 2009). 
PARL cleaves the short forms of Opa1 to an intermembrane soluble fraction of Opa1 in 
response to loss of mitochondrial membrane potential and ATP depletion. These small 
fractions of Opa1 do not have fusion activity but regulate cristae morphology and apoptosis 
(Balaban 1990, Liesa, Palacin et al. 2009). Other recently identified proteins that indirectly 
promote mitochondrial fusion are the inner mitochondrial membrane protein Leucine 
zipper-EF-hand containing transmembrane protein1 (LETM1) (Liesa, Palacin et al. 2009), 
Phospholipase D (PLD) (Liesa, Palacin et al. 2009) and Prohibitins (PHB). PHB controls 
mitochondrial fusion by regulating Opa1 processing. PHB2 deletion leads to loss of the 
long forms of Opa1 and induces mitochondrial fragmentation (Liesa, Palacin et al. 2009).  
Proteins that are known to be involved in mitochondrial fission and located at 
mitochondrial outer membrane include Fis1, Mff and Mid49/51, which act as a receptor 
for Drp1, the molecular motor of fission. Mitochondrial dynamics is regulated by post 
translational modifications of the dynamin GTPase hydrolyzing proteins (Mfn1/2, Opa1 
and Drp1). Drp1 fission activity is regulated by diverse post translational modifications 
including phosphorylation, dephosphorylation, ubiquitination, SUMoylation and S-
nitrosylation (Liesa, Palacin et al. 2009). Depending on the isoform of Drp1, these 
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modifications could have pro or anti fission activity. Additionally, it has been shown 
recently that interaction of mitochondria with other organelles particularly ER and 
cytoskeleton (actin) are required for Drp1 function. Our laboratory has demonstrated, in 
the β-cell, that mitochondria go through continuous cycles of fusion and fission, which we 
refer to as the “mitochondrial life cycle” (Twig, Elorza et al. 2008, Molina, Wikstrom et 
al. 2009). 
 
Mitochondrial Dynamics Role in Metabolism and EEX 
 Mitochondrial fusion, fission, and mitophagy play an essential role in 
mitochondrial quality control. However, quality control is not the only function of 
mitochondrial dynamics. Mitochondrial dynamic proteins are involved in metabolic 
functions in parallel to controlling mitochondrial shape. Recently there is evidence 
regarding the involvement of Opa1 in lipolysis. Opa1 has been shown to have a dual-
specificity AKAP function (for PKA type I and II) and facilitates PKA phosphorylation of 
Perilipin1 at a lipid droplet (Pidoux, Witczak et al. 2011). Pidoux and his colleagues 
showed that knockdown of Opa1 in adipocytes reduced perilipin1 expression and 
stimulated lipolysis. By knocking down and re-constitution of the WT and mutated Opa1, 
they showed that Opa1 regulates the adrenergic stimulated lipolysis mediated by PKA 
through localization of PKA in close proximity to Perilipin and by regulating its 
phosphorylation. The role of Opa1 in regulating lipolysis still remains debatable, mainly 
due to some of the main questions that are still open regarding to the existence and function 
of Opa1 on LD. Belenguer and Pellegrini address some of these concerns in a review where 
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they brought the point about the lack of evidence linking ADOA1 patients or mouse models 
with Opa1 mutations to altered lipid metabolism (Belenguer and Pellegrini 2013). Also 
inconsistent with the previous work by Kita et al., (Kita, Nishida et al. 2009, Ducluzeau, 
Priou et al. 2011) Opa1KD didn’t alter TG storage of the 3T3L1 adipocytes.  
 In various cell types, our and other studies have found that certain conditions result 
in disruptions of mitochondrial life cycle, which cause mitochondria to stay for longer 
periods at different stages of the cycle. It was shown in β-cells that exposure to excess 
nutrients induces depolarization that is associated with the arrest of the mitochondrial life 
cycle at the stage of post-fission (Wikstrom, Katzman et al. 2007, Twig, Elorza et al. 2008, 
Molina, Wikstrom et al. 2009). It is thought that this adaptive response represents a state 
of enhanced elimination of metabolites by uncoupled oxidation, a mechanism that has been 
termed as “nutrient-detoxification” (Liesa and Shirihai 2013).  Recent studies have 
associated changes in bioenergetics parameters to mitochondrial morphology. Increased 
coupled respiration has been linked to mitochondrial fusion and elongation (Gomes, Di 
Benedetto et al. 2011), while mitochondrial fragmentation has been associated with 
uncoupling (Duvezin-Caubet, Jagasia et al. 2006, Molina, Wikstrom et al. 2009, Liesa and 
Shirihai 2013).   This suggests that alteration in mitochondrial dynamics could potentially 
be a mechanism for bioenergetics adaptation according to metabolic demands. It could also 
suggest a possible involvement of mitochondrial fusion and fission in the thermogenesis 
activation of BAT and therefore, call for the investigation of events occurring during BAT 
thermogenesis related to mitochondrial dynamics. The results of this investigation could 




Role of Mitochondrial Dynamics in Obesity and Calorie Restriction 
 Previous studies have reported that mitochondrial fragmentation is associated with 
excess nutrient environment, suggesting a potential role for mitochondrial dynamics in 
nutrient oxidation and EEX (Molina, Wikstrom et al. 2009, Liesa and Shirihai 2013).This 
result is also consistent with other studies reporting changes in Mfn2 expression level 
linked to obesity and diabetes in other tissues. In skeletal muscle, Mfn2 expression was 
inversely correlated with BMI in nondiabetic and type 2 diabetic subjects (Bach, Naon et 
al. 2005, Zorzano, Hernandez-Alvarez et al. 2010). This reduction in Mfn2 mRNA 
expression was rescued in morbidly obese subjects after reduction in body weight or in 
response to bariatric surgery-induced weight loss (Bach, Naon et al. 2005, Gastaldi, Russell 
et al. 2007, Hernandez-Alvarez, Chiellini et al. 2009, Zorzano, Hernandez-Alvarez et al. 
2010). Additionally, Zucker obese rats have decreased mitochondrial networking ability 
and reduced skeletal muscle Mfn2 expression by 34% (Bach, Pich et al. 2003). Similar 
changes in mitochondrial morphology have been reported in the β-cells isolated from Type 
2 Diabetic patients, Zucker Diabetic obese rats, and in diet induced obesity (Higa, Zhou et 
al. 1999, Bindokas, Kuznetsov et al. 2003, Fex, Nitert et al. 2007). On the other hand, there 
is evidence that exercise and calorie restrictions which reduced incidences of obesity and 
diabetes, displayed an increase in Mfn2 expression in adipose tissue, skeletal muscle as 
well as in INS1 cells in response to calorie restriction serum treatment (Cartoni, Leger et 
al. 2005, Cerqueira, Laurindo et al. 2011, Fealy, Mulya et al. 2014, Cerqueira, Chausse et 
al. 2016). In this regard, reduction in fusion rates is a physiological response, can be non-
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deleterious and it is possibly an adaptive mechanism in metabolic diseases (Liesa and 
Shirihai 2013). 
 
How Mitochondria in BA Provide its ATP Demands  
 How do mitochondria in BA provide its ATP demands while they are specialized 
to uncouple their respiration? 
BA has a unique capacity to uncouple respiration from phosphorylation when it is 
adrenergically activated. Activation of UCP1 dissipate energy in BA mitochondria. While 
ATP production is bypassed to the most part in BAT during thermogenesis, ATP is required 
for the activation of fatty acids during uncoupling as well as during post uncoupling 
metabolic process. Although some of the required ATP is provided by increasing glycolysis 
(Cooney and Newsholme 1982), mitochondrial glucose oxidation and TCA cycle also has 
been shown to be critical for maintaining ATP during thermogenesis (Williamson 1970).  
In fact, the proteomic profile of BA mitochondria as compared with white adiocyte (WA) 
mitochondria revealed an augmentation of catabolic pathways including TCA cycle and β 
oxidation pathway in BA mitochondria (Forner, Kumar et al. 2009). High energy demand 
of the fatty acid handling pathways in BA during and post thermogenesis states requires a 
careful regulation of total amount of ATP as well as ATP synthase level in such a way that 
it does not become a limitation in ATP supply. Further study is required to investigate the 




Mitochondrial Heterogeneity in BA at Subcellular Levels 
 Mitochondria in the cell are very heterogeneous in several structural and functional 
features under normal (Collins, Berridge et al. 2002, Kuznetsov, Schneeberger et al. 2004, 
Wikstrom, Katzman et al. 2007) and pathological (Lesnefsky, Tandler et al. 1997, 
Kuznetsov, Schneeberger et al. 2004) conditions. Distinct mitochondrial subpopulations 
are likely involved in diverse physiological processes. Although mitochondrial functional 
heterogeneity has been demonstrated for several cell types, its origin and role under 
physiological conditions remain to be understood. Additionally, there is growing evidence, 
suggesting mitochondrial cellular region-specific specializations with respect to their 
biochemical properties including respiratory or enzymatic activities, redox potential 
(Kuznetsov, Winkler et al. 1998, Romashko, Marban et al. 1998), calcium (Bowser, 
Minamikawa et al. 1998, Kuznetsov, Schneeberger et al. 2004), membrane potential 
(Palmer, Tandler et al. 1985, Wikstrom, Katzman et al. 2007), etc.  Functional and dynamic 
heterogeneity of mitochondria has been reported for various cell types including 
cardiomyocyte, skeletal muscle, hepatocytes, β cell islet, astrocytes, adipocyte and various 
human carcinoma cells (Collins, Berridge et al. 2002, Kuznetsov, Schneeberger et al. 
2004). Mitochondrial subpopulations in BA has been also reported by differential 
centrifugation. The mitochondrial subpopulations in BAT showed morphological 
differences and a different distribution of UCP1 level and UCP1 turnover in response to 
adrenergic signals (Bonet, Serra et al. 1995, Gianotti, Clapes et al. 1998). This raises the 
possibility that subpopulations of mitochondria in BA are responsible for different 
physiological functions of the cell in this unique system which requires instant switches in 
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its metabolism and bioenergetics. Moreover,   membrane-bound organelles such as 
mitochondria, endoplasmic reticulum (ER), lipid droplet, lysosome and peroxisome create 
distinct environments by interacting with each other and forming adjacent membrane 
contact sites (Raturi and Simmen 2013, Schrader, Costello et al. 2015). These interactions 
may facilitates intracellular signaling and has been shown to promote specific cellular tasks 
such as Ca exchange, ATP production, lipid synthesis and breakdown, or protein export. 
In this regard, mitochondrial heterogeneity could be the consequence of the interaction of 
mitochondria with other organelles. Despite the evidence supporting the existence of 
mitochondrial subpopulations in BA and interaction of this organelle with other organelles 
particularly with lipid droplets, there is no evidence demonstrating the bioenergetic and 
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 Hormonal stimulation of brown adipocytes (BA) induces mitochondrial 
depolarization, thereby increasing energy expenditure by shifting nutrient oxidation 
towards thermogenesis. Here we describe that mitochondrial dynamics is a physiological 
regulator of hormonal-induced changes in energy expenditure. The sympathetic hormone 
Norepinephrine (NE) induced complete and rapid mitochondrial fragmentation in BA, 
which is characterized by Drp1 phosphorylation and Opa1 cleavage. Mechanistically, NE-
mediated Drp1 phosphorylation was dependent on Protein Kinase-A (PKA) activity; 
whereas Opa1 cleavage required mitochondrial depolarization mediated by FFAs released 
as a result of lipolysis. This change in mitochondrial architecture was observed both in 
primary cultures and brown adipose tissue from cold-exposed mice. Importantly, BA 
mitochondrial uncoupling induced by NE was reduced by inhibition of mitochondrial 
fission through transient Drp1 DN over-expression. Furthermore, forced mitochondrial 
fragmentation in BA through Mfn2 knock down increased the capacity of exogenous FFAs 
to increase energy expenditure. These results suggested that, in addition to its ability to 
stimulate lipolysis, NE induces energy expenditure in BA by promoting mitochondrial 
fragmentation. Together, these data reveal that hormonal-induced changes to 
mitochondrial dynamics are required for BA thermogenic activation and for the control of 
energy expenditure. 
Introduction 
 Compelling evidence for the existence of brown adipocytes in humans suggests 
brown adipose tissue metabolism as a potential mechanism for energy dissipation, weight 
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loss and improved glucose tolerance (Nedergaard, Bengtsson et al. 2007, Cypess, Lehman 
et al. 2009, van Marken Lichtenbelt, Vanhommerig et al. 2009, Virtanen, Lidell et al. 2009, 
Zingaretti, Crosta et al. 2009). While various successful approaches for the expansion of 
brown adipose tissue (BAT) or the browning of white adipocytes have been suggested (Wu, 
Bostrom et al. 2012), these are unlikely to have a major impact on energy expenditure if 
the brown adipocyte is not stimulated.  Studies performed in rodents show that diet induced 
BAT energy expenditure is not influenced by nutrient availability directly but rather by 
adrenergic stimulation (Bachman, Dhillon et al. 2002, Betz, Bielohuby et al. 2012). This 
emphasizes that any benefit from BAT expansion is largely dependent on the ability to 
stimulate the β-adrenergic receptor or its downstream targets. 
 Mitochondria are dynamic organelles that undergo fusion and fission events. 
Proteins that mediate mitochondrial fusion include Mitofusin 1 & 2 for outer membrane 
fusion and Opa1 for inner membrane fusion. Fission is mediated by outer membrane Fis1 
and Mff, which recruit Drp1 as the molecular motor of fission. We have previously 
demonstrated that mitochondria go through continuous cycles of selective fusion and 
fission, referred to as the “mitochondrial life cycle”, to maintain the quality of its function 
(Twig, Elorza et al. 2008, Twig, Hyde et al. 2008, Molina, Wikstrom et al. 2009, Mouli, 
Twig et al. 2009). Moreover, others and we have found that changes in mitochondrial 
architecture can represent an adaptation of mitochondria to respire according to the 
bioenergetic needs of the cell (Liesa and Shirihai 2013). Conditions requiring high 
mitochondrial ATP synthesis capacity and/or efficiency, such as limited nutrient 
availability, are associated with mitochondrial elongation (Liesa and Shirihai 2013)(Gomes 
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et al., 2011). On the other hand, conditions of excess energy supply and relatively low ATP 
demand, such as β-cells exposed to excess nutrients, acutely induce mitochondrial 
fragmentation (Wikstrom, Katzman et al. 2007, Molina, Wikstrom et al. 2009)(Twig et al., 
2008). Indeed, increased mitochondrial reactive oxygen species (ROS) production and a 
compensatory increase in uncoupling are common features of various conditions, not 
directly linked to changes in nutrient availability, that lead to mitochondrial fragmentation 
(Kim, Kang et al. 2008, Parone, Da Cruz et al. 2008). This raises the possibility that 
mitochondrial fragmentation supports uncoupled respiration and thus increases energy 
expenditure by promoting nutrient oxidation towards heat production, rather than towards 
mitochondrial ATP synthesis. To test this hypothesis, we explored a system where a robust 
shift from coupled to uncoupled respiration and increased energy expenditure can occur. 
The brown adipocyte offers a unique system where transition to uncoupling can occur 
within minutes and in a physiological rather than pathological context. Therefore, it 
represents a good model for studying the regulation of energy expenditure induced by 
hormones. In this regard, this study tested the hypothesis that NE induces changes to 




Norepinephrine Potentiates: The Effect of Free Fatty Acids on Energy Expenditure 
 Thermogenesis in brown adipocytes is activated through an adrenergic signaling 
pathway, which stimulates the release of free fatty acids (FFAs) from lipid droplets 
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(Cannon and Nedergaard 2004). Released FFAs then directly activate Ucp1, with Long 
Chain Fatty Acids (LCFA, such as oleate or palmitate) being the most efficient FA 
activating Ucp1 in vitro (Cannon, Sundin et al. 1977, Fedorenko, Lishko et al. 2012). 
However, in vivo and in the absence of adrenergic stimulation, circulating FFAs alone 
cannot induce the activation of thermogenesis in BAT (Betz, Bielohuby et al. 2012). Thus, 
we hypothesized that in addition to the increase in cellular FFA, adrenergic stimulation 
activates other essential mechanisms that allow for the activation of energy expenditure by 
FFA. Such pathways, we rationalized, would only be required in the context of intact cells, 
but not in isolated mitochondria, where FFA alone are strong activators of Ucp1. To test 
this hypothesis, we generated an experimental system where FFAs were exogenously 
supplied and the effect of suboptimal concentrations of norepinephrine (NE) on energy 
expenditure was tested. Primary brown adipocytes (BA) were differentiated in culture from 
pre-adipocytes isolated from mouse inter-scapular brown adipose tissue (See Methods). 
Cultures of differentiating BA are plated immediately after isolation from the tissue and 
cannot be re-plated before function is tested. As a result these cultures tend to vary in cell 
density and maturation capacity, also reflected in variations in basal oxygen consumption 
rates. To address this variability we have normalized the responses to adrenergic stimuli 
by reporting the fold increase in oxygen consumption. Fold increase is calculated as the 
stimulus-induced fold increase in absolute oxygen consumption rates (OCR, pmols 
O2/min) over the pre-stimulus value. Both pre- and post- stimuli OCR values take into 
account the post antimycin OCR value as a reference point (zero).  
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 We first determined the optimal concentration of palmitate that can acutely increase 
respiration, and thus energy expenditure in BA (0.4mM at a ratio of FFA:BSA 4:1) 
(Supplemental figure 2.1A). While used at optimal concentration, this palmitate-induced 
energy expenditure was not as efficient inducing mitochondrial depolarization as 1µM NE, 
suggesting that the level of uncoupling produced is insufficient to overcome respiratory 
capacity (Figure 2.1A). If NE contribution to energy expenditure goes beyond the induction 
of lipolysis, we expected NE to potentiate the capacity of exogenous FFAs to induce energy 
expenditure. However, since NE releases endogenous FFAs by lipolysis, we rationalized 
that to uncover any synergistic interaction between the NE and exogenous FFA one would 
have to establish conditions in which NE is provided at concentrations that do not elicit 
maximal lipolysis (suboptimal).  
 To determine suboptimal concentrations of NE, we titrated NE concentrations by 
measuring energy expenditure as total oxygen consumption rates (OCR). Based on this 
titration we chose 1μM NE as a suboptimal given that it elicited less than 50% of the energy 
expenditure induced by 10μM NE. In support of this notion, NE at 1μM only yielded a 
mild depolarization, estimated at <5mV (Figure 2.1A; Supplementary Figure 2.1B). 
Remarkably, the effect of optimal concentration of palmitate was potentiated by NE and 
lead to a 6-fold larger depolarization (~30 mV), thereby indicating that NE and palmitate 
synergize in eliciting depolarization (Figure 2.1A-B). OCR measurements reveal that this 
synergistic effect of palmitate on depolarization reflected an increase in uncoupling as it 
was accompanied by increased oxygen consumption (Figure 2.1C). Oleate and NE 
demonstrated a synergistic effect similar to NE and palmitate but with a greater amplitude. 
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NE plus oleate induced a higher degree of Δψm depolarization than did NE plus palmitate 
(Figure 2.1B-E), but with a similar increase in respiration (Figure 2.1D).    
 
Reversible Mitochondrial Fragmentation in Stimulated Brown Adipocytes 
 The synergistic effect of NE plus FFAs suggested that adrenergic stimulation may 
facilitate energy expenditure through an additional mechanism beyond the induction of 
lipolysis.   
 We examined the possibility that NE induced changes in mitochondrial architecture 
that could contribute to BAT thermogenesis. Since mitochondrial morphology and 
dynamics have not been previously described in live BA, we first examined mitochondrial 
architecture and its orientation to the lipid droplets (Figure 2.2A). The mitochondrial 
network appeared dense and tightly associated with the droplets. To examine the inter-
relationship between function and architecture, BA mitochondria co-stained with TMRE 
(red) and MTG (Mitotracker Green) were imaged before and after stimulation with NE and 
palmitate. NE stimulation induced mitochondrial fragmentation (small and spherical 
mitochondria, partially swelled), while palmitate alone did not elicit any detectable 
morphology changes (Figure 2.2C, D, F). This change in mitochondrial morphology is not 
accompanied by changes in mitochondrial mass, as shown by the lack of changes to total 
levels of the mitochondrial protein porin (Supplemental Figure 2.2B). NE-induced 
fragmentation in primary cultures (Figure 2.2C) was also demonstrated by scanning 
electron microscopy of BAT cryo-sections (Supplemental figure 2.2A). Furthermore, 
similar changes in architecture were also detected by confocal immunofluorescence and 
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wide field immunohistochemistry of mitochondrial TOMM20 in interscapular BAT 
(iBAT) from cold exposed mouse (Figure 2.2H). Specifically, BAT mitochondria from 
mice under thermo-neutrality were elongated and tubular, whereas BAT mitochondria 
from mice were spherical and large after 4 hr cold exposure, consistent with fragmentation 
and swelling (Figure 2.2H, 2.3E). An increase in the average individual mitochondrion size 
observe under EM was clearer in the confocal images of TOMM20 immunofluorescence 
(Figure 2.2H, 2.3E, 2.3F). The remarkable enlargement of mitochondria in vivo was not 
apparent in NE-treated BA in culture. This raised the possibility that the full effect 
consisting of fragmentation and swelling requires the synergistic interaction of NE and 
FFAs. Remarkably, in addition to fragmentation, the combination of NE plus palmitate 
increased the diameter of each small mitochondrial sphere (Figure 2.2E, G, 2.3A-C). In 
primary BA, mitochondria were visualized with MTG exclusively, as TMRE completely 
disappeared due to large Δψm depolarization (Figure 2.2C-E). Thus, adrenergic BA 
activation caused a transition in mitochondrial shape from elongated units to fragmented, 
and then with spherical shape, visualized as a “ring” of MTG staining (Figure 2.3A). The 
observation that FFA alone did not elicit any fragmentation indicates that NE-induced 
lipolysis is unlikely to be part of the pathway by which NE mediates fragmentation.   
 Since MTG covalently and primarily binds to the mitochondrial inner membrane 
(Presley, Fuller et al. 2003), the MTG rings observed after depolarization under the 
combination of NE and palmitate could represent “donuts” resulting from fusion of 
mitochondrial tips, instead of swelled or spherical mitochondria (Figure 2.3D). Donut 
mitochondria are typically observed in cells treated with the uncoupler FCCP (Liu and 
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Hajnoczky 2011). To differentiate between the two possibilities, the mitochondrial matrix 
was labeled with matrix targeted DsRed and photoactivatable (PA)-GFP. The combination 
of the two probes allowed for the visualization of the boundaries of individual mitochondria 
(Twig, Graf et al. 2006). The appearance of spheres using these fluorescent probes 
confirmed that the observed circular mitochondria were indeed large sphere-shaped 
mitochondria and not donut-like mitochondria (Figure 2.3B, 2.3D). In contrast, the 
uncoupler FCCP induced true donut-shaped structures in primary BA (Figure 2.3D). 
 Ultrastructural analysis of mitochondria from cold exposed mice iBAT reflected 
the confocal microscopy images showing robust architectural changes including a 
transition to circular structures with large diameters and intact cristae structure (Figure 
2.3E-F). That the fragmented round mitochondria in transmission EM represent spheres 
rather than cut tubules in a transverse orientation was demonstrated by scanning EM 
(Figure 2.3G). 
 
Change in Architecture is Not Associated with Cell Death 
 Mitochondrial fragmentation and enlargement (swelling) has previously been 
associated with depolarization and apoptosis. To determine whether the fragmentation and 
depolarization in BA could represent apoptosis, we treated cells with NE plus palmitate for 
2h and studied them 24h later, as apoptosis can take up to 20h to complete. Examination 
of BA after 24h revealed complete recovery of mitochondrial Δψ, as well as of 
mitochondrial morphology (Supplemental Figure 2.3A). To test for functional recovery, 
primary BA were treated once with NE plus palmitate for a period of 2h and then tested 
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for their ability to increase respiration to NE that was added 24h afterwards. First treatment 
with NE + palmitate did not affect mitochondrial oxygen consumption and Δψm response 
to a second treatment with NE (Supplementary Figure 2.3B-C, Supplementary Table I). 
 
Fragmentation and Depolarization Spread across the Cell in an Organized Manner 
 To obtain a better understanding of the depolarization, fragmentation and 
mitochondrial spheroid formation processes, we characterized the temporal and spatial 
relationship of these mitochondrial events. Time lapse imaging of multiple primary BAs 
showed that mitochondrial depolarization and fragmentation occurred in a spatially 
organized manner that started at one pole of the cell and gradually propagated to its 
opposite side, until transition had encompassed the entire cell (Figure 2.4A-B). This 
propagation is visually apparent by the change in mitochondrial TMRE/MTG fluorescence 
from yellow/orange (hyperpolarized mitochondria, high TMRE/MTG ratio) to green 
(depolarized mitochondria). Fragmentation and depolarization events took place within 
minutes (initial depolarization: 3.6 min, SE 0.7; full fragmentation 5.3 min, SE 0.7). The 
average speed of the wave was calculated to be 12µm/min under NE plus palmitate (SE 
2.0). After the wave had passed and mitochondria had undergone full fragmentation, 
additional depolarization took place (Figure 2.4C-D), thus suggesting a potential role for 
mitochondrial fragmentation in uncoupling and thermogenesis.  
We also imaged the recovery of Δψm after activation with NE followed by taking an 
extended time-lapse movie after washing out the NE from the media. During the recovery 




Mitochondrial Fusion is Inhibited in Stimulated Brown Adipocytes. 
 In several cell types, mitochondria were shown to undergo continuous cycles of 
fusion and fission. Mitochondrial fragmentation can be the result of increased 
mitochondrial fission, decreased mitochondrial fusion or both.  However, the occurrence 
of mitochondrial fusion and its response to adrenergic stimulation have not been reported 
in primary brown adipocytes so far. To test for the occurrence of fusion in BA, individual 
mitochondria were photo-labeled with mtPAGFP and tracked over time (Twig, Graf et al. 
2006)(Twig et al, 2008). Z-stack-imaging and 3D reconstructions ensured that 
mitochondria did not travel out of focus and enabled us to determine when two 
mitochondria were separated physically. Fusion events appeared as sudden increases in 
mtPAGFP area, indicating that the mtPAGFP of a photo-converted mitochondrion spread 
into the matrix of a neighboring one (Supplemental Figure 2.4). This is the first time 
mitochondrial dynamics is demonstrated in BA.  
 To examine the rate of mitochondrial fusion under basal and stimulated conditions, 
we used the mtPAGFP fusion assay (Karbowski, Arnoult et al. 2004, Molina and Shirihai 
2009). In brief, mtPAGFP in an area of 15-20% of the cell was photo-converted and the 
cell was imaged over time for up to 70 min (Figure 2.5A). In this assay cellular 
mitochondrial fusion activity is measured as the rate at which the photo-converted green 
signal is shared across the mitochondrial population, a phenomenon that is accompanied 
by the reduction in its average intensity (Figure 2.5D). mtPAGFP fluorescence intensity 
was measured and found to decrease rapidly and spread over a larger area in control as well 
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as palmitate-stimulated cells (Figure 2.5A,D). In comparison, when cells were stimulated 
with either NE alone or in combination with palmitate, mtPAGFP fluorescence decay was 
significantly slower and spreading throughout each cell was almost nonexistent (Figure 
2.5B-C). In addition, mitochondrial movement appeared to be diminished. Quantification 
of the decay rate in multiple experiments showed significant decrease in fusion rates of NE 
alone and NE plus palmitate stimulated cells. Palmitate alone did not alter mitochondrial 
dynamics (Figure 2.5D). 
 
Mechanism of Mitochondrial Fusion Inhibition during Brown Adipocyte Stimulation 
of Energy Expenditure. 
 Opa1 is a mitochondrial pro-fusion protein that exists in several forms. FCCP 
induced depolarization was previously shown to induce rapid processing of long Opa1 to 
short Opa1 isoforms that do not mediate fusion per se (Guillery, Malka et al. 2008). We 
hypothesized that mitochondrial depolarization during BA activation results in Opa1 
cleavage. This was tested by Western blot analysis of total lysates from BA before and 
after activation.  In the basal state, we identified Opa1 pro-fusion isoforms (long, ~100 
KDa) and the short isoforms (fusion-deficient, ~85 KDa) (Figure 2.5E). In primary BA 
acutely stimulated with NE plus palmitate, the lower band showed a significant increase 
while decrease in the top band was of borderline significance (p=0.054) (Figure 2.5F-G). 
Hence, NE plus palmitate induce Opa1 cleavage, thereby increasing the proportion of 
fusion-deficient short isoforms. In agreement with these data, inhibition of fatty acid-
induced depolarization using the lipolysis inhibitor, Orlistat, prevented Opa1 cleavage. 
  
30 
This is shown by the absence of changes in the proportion of the shorter versus the longer 
Opa1 isoforms measured by Western blot of total lysates from primary BA (Figure 2.7D, 
F). This result shows that depolarization mediated by released FFA from lipolysis is 
required for Opa1 cleavage. 
 
Role of Mitochondrial Fission in NE-Induced Fragmentation 
 The fast transition from elongated to fragmented mitochondria strongly suggested 
that reduced mitochondrial fusion keeps BA mitochondria fragmented for the duration of 
the activation but may not account for the initial induction of fragmentation upon 
adrenergic stimulation. We rationalized that mitochondrial fission contributed to this 
component. To determine the contribution of mitochondrial fission to NE-induced 
fragmentation, we studied the mitochondrial fission protein, Drp1, in BA activation. Drp1 
is a cytosolic protein recruited to the mitochondrial outer membrane upon activation. We 
found a sharp increase in Drp1 punctae co-localization with mitochondria following BA 
activation with NE, suggesting increased Drp1-mediated fission (Figure 2.6A). Drp1 
fission activity is primarily regulated by post-translational modifications. Phosphorylation 
of the ubiquitously expressed human Drp1 isoform in Ser600 has been shown to promote 
Drp1-mediated fission (Han, Lu et al. 2008). The mechanism by which Ser600 
phosphorylation increases fission is through increased Drp1 recruitment from the cytosol 
to the mitochondria as puncta (Han, Lu et al. 2008). Importantly, this serine residue is 
present in mouse Drp1, suggesting that phosphorylation is a mechanism conserved among 
these species.  
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 While total Drp1 content did not change during one hour stimulation of BA with 
NE in primary mouse BA, there was a marked increase in the phosphorylation of the mouse 
serine equivalent to human Drp1 Ser600 (Figure 2.6B, C). 
 Ser600 of the brain specific (non-ubiquitous) Drp1 isoform is phosphorylated by 
Protein Kinase A (PKA) (Chang and Blackstone 2007, Cereghetti, Stangherlin et al. 2008). 
During adrenergic activation of BAT thermogenesis, β3-adrenergic receptors induce the 
activation of PKA via cAMP dependent pathway (Freedman and Lefkowitz 1996, Hall 
2004). Since we find that the synergistic response to NE and FFA is mediated through the 
β3-adrenergic receptor pathway (Supplemental Figure 2.5A-C), we rationalized that PKA 
may play a role in the induction of fragmentation during BA activation. To test this 
hypothesis, we treated primary BA with the PKA inhibitor H89 and measured Drp1 
phosphorylation in the equivalent serine to human Ser600. PKA inhibition blunted NE-
mediated Drp1 phosphorylation of this serine residue (Figure 2.6B,C), mitochondrial 
fragmentation and depolarization (Figure 2.6D-F) of primary mouse BA, thus 
demonstrating that NE-mediated increase in PKA activation promotes Drp1 
phosphorylation in the equivalent serine to Ser600, and likely activates its fission activity 
as reported in other cell types (Han, Lu et al. 2008). In all, these data show that NE increases 
mitochondrial fission through activation of Drp1, which is associated with Drp1 




Activation of Drp1-Mediated Mitochondrial Fission in Stimulated Brown Adipocytes is 
Upstream of Mitochondrial Depolarization. 
 Previous work demonstrated that FCCP is able to induce mitochondrial fission by 
increasing Drp1 recruitment to the mitochondria (Cereghetti, Stangherlin et al. 2008). 
Given that depolarization is the first event during BA activation (Figure 2.4E), we wanted 
to test whether depolarization was required for the initial fragmentation mediated by Drp1. 
To inhibit endogenous mitochondrial depolarization, we treated BA with an inhibitor of 
lipolysis, Orlistat. Inhibition of lipolysis blunts FFA release from the lipid droplets and is 
expected to prevent Ucp1 activation. We found that inhibition of lipolysis by Orlistat 
prevented mitochondrial depolarization, as shown by TMRE/MTG staining, but failed to 
prevent fragmentation (Figure 2.7A-C). This result suggests that NE activates Drp1-
mediated fission (through phosphorylation) independently of a decrease in Δψm. As we 
described in Figure 2.1B, the response to suboptimal NE concentrations is heterogeneous 
with some cells not depolarizing.  Consistent with these findings, Drp1 phosphorylation in 
the residue sensitive to PKA activity (equivalent to Ser600) was not prevented when 
lipolysis was inhibited by Orlistat treatment (Figure 2.7D-E). 
 
Mitochondrial Fragmentation is Required for Uncoupled Respiration in Hormonally 
Stimulated Brown Adipocyte 
 To determine the functional role of mitochondrial fragmentation in NE-induced 
energy expenditure in BA, fission was inhibited using transient Drp1 Dominant Negative 
mutant (DN, K38A) overexpression. The capacity of BA to respond to NE alone or in 
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combination with FFA was quantified by measuring stimulated oxygen consumption rates 
(OCR) and mitochondrial membrane potential depolarization. Over expression of Drp1 DN 
was limited to 2 days to avoid compromising respiratory chain function, cell differentiation 
or viability. Indeed, Drp1 DN overexpression for 2 days did not change maximal 
respiratory capacity or Ucp1 expression levels and lipid droplet number (Supplementary 
Figure 2.6A-C, 2.6G-H & Supplemental Table II). Drp1 DN induced mitochondrial 
elongation and hyperfusion in unstimulated BA, as shown by very long mitochondrial 
filaments and enlarged mitochondrial structures, as previously reported for other cell types 
(ball and thread structures) (Twig et al, 2008) (Figure 2.8A-B). Drp1 DN blunted 
mitochondrial fragmentation induced by NE plus palmitate (Figure 2.8A), thus supporting 
a role for Drp1 in the observed fission. 
 Remarkably, Drp1 DN expressing cells exhibited a marked decrease in the 
respiratory response (Figure 2.8C-F). Consistent with reduced BA activation of energy 
expenditure, Drp1 DN caused a marked decrease in the number of cells in which Δψm 
depolarization was detectable (Figure 2.8G). Thus, both respiration and Δψm measurements 
confirmed that inhibition of fragmentation by Drp1 DN decreased the ability of BA to 
induce mitochondrial uncoupling after activation. 
 
Enhanced BA Activation in a Model of Forced Fragmentation 
 Based on the effect of Drp1 DN on NE-induced respiration and the synergistic 
effect of NE plus FFA, we hypothesized that mitochondrial fragmentation was enhancing 
the capacity of FFA to induce uncoupled respiration in the BA. A prediction of this 
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hypothesis is that increased mitochondrial fragmentation will enhance the capacity of 
exogenous FFA to activate energy expenditure in BA. To test this prediction, we reduced 
the rate of mitochondrial fusion by knocking down the pro-fusion protein Mitofusin 2 
(Mfn2) using transduction of adenovirus encoding for 5 different microRNA against Mfn2 
or scrambled at the UTR of GFP (Supplemental Figure 2.6D) (Sebastian, Hernandez-
Alvarez et al. 2012). Mfn2 knock down (KD) BA showed fragmented and swollen 
mitochondrial morphology under unstimulated conditions (Figure 2.9A-B). As compared 
to control (scrambled) BA, Mfn2 knock down (KD) BA showed the same increase in 
oxygen consumption and mitochondrial depolarization when induced by NE (Figure 2.9C-
E). These results suggest that forced fragmentation induced by Mfn2 KD does not alter the 
capacity of NE to induce uncoupling. The lack of effect on NE-induced energy expenditure 
was consistent with comparable lipolysis rates detected in Mfn2 KD BA after NE 
stimulation (Figure 2.9F), as well as similar level of mitochondrial depolarization (data not 
shown).  
 We then proceeded to test whether fragmentation induced by Mfn2 KD could, on 
its own, synergize with FFA even in the absence of NE. Specifically, we tested the 
feasibility that fragmentation induced by Mfn2 KD could elicit energy expenditure when 
exposed to low concentrations of FFA, that are similar to those found in the plasma of mice 
after a meal. feasibility that fragmentation induced by Mfn2 KD could elicit energy 
expenditure when exposed to low concentrations of FFA, that are similar to those found in 




 Indeed low concentrations of palmitate and oleate (0.1 and 0.2 mM each) elicit a 
larger respiratory response in Mfn2 KD BA as compared to control cells (Figure 2.9C-E). 
Like Drp1 DN, Mfn2 knockdown did not affect BA differentiation, as shown by the 
absence of changes in total Ucp1 protein levels and maximal capacity of mitochondrial 
oxygen consumption stimulated by FCCP (Supplemental Figure 2.6D-F). In contrast to 
Drp1 inhibition, Mfn2 KD thus increased the capacity of exogenous FFA to promote 
energy expenditure in BA. 
 
Discussion 
 Previous studies have documented an association of mitochondrial fragmentation 
with excess nutrient environment, suggesting a potential role for mitochondrial dynamics 
in nutrient utilization and energy expenditure (Molina, Wikstrom et al. 2009, Zhang, Seitz 
et al. 2010, Liesa and Shirihai 2013). Here we demonstrate that mitochondrial 
fragmentation is a physiological response that enhances mitochondrial uncoupling and 
energy expenditure in brown adipocytes. As such, stimulation of brown adipose tissue 
represents the first physiological and hormonal responses associated with complete 
mitochondrial fragmentation. This study not only provides further evidence that 
mitochondrial fission is not deleterious per se (Twig and Shirihai 2011); but it also presents 
a novel pathway regulating energy expenditure and mitochondrial uncoupling beyond 




Exogenous FFAs Are Able to Amplify Energy Expenditure in NE-Stimulated BA. 
 The initial finding of our study was that hormonal stimulation of brown adipocytes 
with suboptimal concentrations of Norepinephrine (NE) allowed exogenous FFA to further 
stimulate energy expenditure and mitochondrial uncoupling. This result is consistent with 
other findings showing that increased FFA availability to UCP1 through increased lipolysis 
is not the exclusive mechanism by which NE activates mitochondrial uncoupling in BA. 
In agreement with this, addition of exogenous FFAs alone was not as efficient in inducing 
mitochondrial uncoupling as NE alone. These initial findings per se are relevant in the 
context of research exploring brown adipose tissue as a therapeutic approach for metabolic 
diseases. Our data further confirms other studies supporting that unstimulated brown fat 
will not significantly oxidize exogenous nutrients to generate heat via uncoupled 
respiration (Bartelt, Bruns et al. 2011), but will accumulate part of these nutrients into lipid 
droplets (Betz, Bielohuby et al. 2012). Consistent with this, therapeutic approaches 
activating mitochondrial processes downstream of NE activation are likely to be more 
efficient in terms of eliminating nutrients in excess, when compared to approaches that just 
increase BAT mass. In this study, we have identified that mitochondrial fragmentation is a 
process downstream of NE that enhances mitochondrial uncoupling in BA. As a 
consequence of this finding, we characterized the molecular mechanisms leading to this 




Mechanisms for NE Mediated Mitochondrial Fragmentation in Brown Adipocytes. 
a) NE acutely stimulates mitochondrial fission through Drp1 activation: 
 We have demonstrated that NE induces fragmentation through Drp1-mediated 
fission. This is associated with increased Drp1 puncta formation and Drp1 phosphorylation 
in the equivalent serine to human Ser600 (ubiquitous isoform). This phosphorylation was 
previously shown to stimulate Drp1-mediated fission in other cell types (Han, Lu et al. 
2008). In this regard, we have identified that mouse Drp1 phosphorylation in the equivalent 
serine to human Ser600 was dependent on Protein Kinase A (PKA) activity, as it was 
prevented by the PKA inhibitor H89. PKA activity is one of the main mediators transducing 
NE signal inside BA, including lipolysis (Cannon and Nedergaard 2004). We show for the 
first time that NE stimulates Drp1-mediated fission and its phosphorylation by PKA. Of 
note, we have confirmed the functional importance of Drp1-mediated fission during BA 
activation by specifically inhibiting Drp1 function using transient over-expression of Drp1 
dominant negative (DN, K38A, inactivating its GTPase domain and fission activity). Drp1 
DN over-expression decreased mitochondrial depolarization and respiration rates after NE 
stimulation, showing that Drp1 activity is required for acute mitochondrial uncoupling and 
energy expenditure in BA. Importantly, when lipolysis was prevented using Orlistat, 
mitochondrial depolarization was inhibited, but neither fragmentation nor Drp1 
phosphorylation was affected. This result suggests that NE-mediated activation of Drp1 is 





b) Inhibition of mitochondrial fusion after NE-stimulated fission in BA is associated with 
depolarization and Opa1 processing: 
 We characterized, for the first time, that mitochondrial fusion rates in non-
stimulated brown adipocytes are abundant. As mitochondria go through a cycle of a fission 
and fusion event (Twig, Elorza et al. 2008), one would expect that the arrest of fusion 
would only result in complete fragmentation after multiple cycles of fission without fusion 
have been completed. This means that fusion should be inhibited for approximately an hour 
to result in visible fragmentation. Thus, the kinetics of mitochondrial fusion rates in non-
stimulated BA corroborates that increased fission is the first event causing fragmentation 
after NE stimulation. However, we tested whether these fragmented mitochondria in 
activated BA maintained fusion rates. Dilution rates of the fluorescence intensity signal 
from mitochondrially-targeted photoactivated GFP (mtPAGFP) are used as an estimation 
of mitochondrial fusion rates. Fragmented mitochondria both in BA treated with NE or 
with both NE + palmitate failed to dilute their mtPAGFP compared to unstimulated cells. 
These results demonstrate that BA activation not only increased Drp1-mediated fission, 
but that also decreased mitochondrial fusion rates. We next examined the mechanism by 
which fusion rates might be decreased in mitochondria from activated brown adipocytes, 
focusing on the mitochondrial fusion protein Opa1. 
 Opa1 is a mitochondrial GTPase with multiple isoforms, generated both by splicing 
and proteolytic processing. Some of these isoforms are integral inner membrane proteins 
(longer isoforms) and others are soluble and located in the intermembrane space (Liesa, 
Palacin et al. 2009). Decrease in the longer isoforms is associated with mitochondrial 
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fragmentation (Guillery, Malka et al. 2008), since the short forms cannot mediate 
mitochondrial fusion per se (Duvezin-Caubet, Jagasia et al. 2006, Ishihara, Fujita et al. 
2006). In this regard, inhibition of mitochondrial fusion induced by mitochondrial 
membrane potential depolarization (FCCP treatment) was partly attributed to this Opa1 
processing (Duvezin-Caubet, Jagasia et al. 2006, Ishihara, Fujita et al. 2006). Loss of 
mitochondrial membrane potential and ATP deficiency both trigger this Opa1 processing 
by the Oma1 protease (Ehses, Raschke et al. 2009). Consistent with these studies 
performed in other cell types, we detected a shift to the shorter Opa1 isoforms in BA treated 
with NE, which may also explain the decrease in mitochondrial fusion rates. Interestingly, 
mice harboring a long term deficiency in Oma1 (whole body knock-out) show decreased 
BAT thermogenic function, together with an impairment of Opa1 proteolytic processing in 
BAT (Quiros, Ramsay et al. 2012). Since OMA1 excision also impaired BAT 
differentiation, the authors could not use this model to study the isolated effect of Opa1 
processing on acute activation. One would expect that a post differentiation KD of Oma1 
would lead to the generation of BAT with the inability to process Opa1 after NE 
stimulation. We expect that this inability to process Opa1 and inhibit fusion would decrease 
the capacity of mitochondrial uncoupling and energy expenditure. 
 In addition to increased fission and decreased fusion rates, we found that BA 
mitochondria swelled after NE+FFA, showing a balloon shape with an enlargement of the 
matrix volume. This swelling was reversible and did not affect later stimulation of 
mitochondrial function. This data suggested that this swelling represents a physiological or 
at least controlled response. Consistent with this, we found that this spherical shape was 
  
40 
seen in brown adipose tissue of mice exposed to cold, both by electron microscopy and 
immuno-histochemistry, but not in BAT from mice under thermoneutrality. These data are 
also consistent with previous electron microscopy studies of BAT. Mitochondria isolated 
from cold-acclimated rats were reported to be enlarged (Desautels and Himms-Hagen 
1980). In a study in which BAT was sampled after NE injection, mitochondria showed 
transient swelling (Vallin, 1970). Thus, although typically being associated with pathology, 
mitochondrial swelling may under certain conditions play a physiological role. Moreover, 
it was shown that Opa1 knock down leads to swollen mitochondria and cristae before 
mitochondrial fragmentation (Griparic, van der Wel et al. 2004). Thus, the decrease in long 
Opa1 isoforms may be involved in the transition of mitochondria to the large spherical 
architecture. As a consequence, decreased mitochondrial fusion rates might be facilitating 
this mitochondrial swelling. Bioenergetically, swelling may favor uncoupled respiration. 
Changes to the curvature of the cristae are expected to reduce ATP synthase dimerization 
and reduce coupled respiration as cristae structure and ATP synthase dimerization are 
interrelated (Paumard, Vaillier et al. 2002). 
 
Mitochondrial Fragmentation Increases Mitochondrial Uncoupling Capacity of 
Exogenous FFA 
 While our results show that mitochondrial fragmentation is required for proper BA 
activation, we wanted to test whether forced mitochondrial fragmentation could enhance 
mitochondrial uncoupling and thus energy expenditure. A positive result in this test would 
support that increased mitochondrial fragmentation in BAT could be a potential therapeutic 
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target for metabolic diseases. In other words, we would have found a pathway to potentially 
increase energy expenditure in BAT and deal with nutrient excess bypassing adrenergic 
stimulation. In order to force fragmentation, we knocked-down Mfn2 in primary BA. We 
did not find any alteration in the ability of NE to stimulate energy expenditure in Mfn2 KD 
BA. This result suggests that forced mitochondrial fragmentation by Mfn2 KD does not 
alter mitochondrial function nor lipolysis stimulation or FFA-mediated activation of UCP1. 
On the other hand, we found that low and physiological concentrations of FFA (both oleate 
and palmitate) increased BA energy expenditure to a larger extent in Mfn2 KD BA, when 
compared to control BA. In this case, control BA treated with FFA did not show 
fragmentation, whereas Mfn2 KD BA did. Altogether, these results suggest that the 
enhanced capacity of FFA to stimulate respiration in Mfn2 KD is caused by the permissive 
action of fragmentation increasing and/or facilitating BA energy expenditure. While the 
differences in respiration detected in this model of fragmentation are significant and 
considerable, it is hard to predict whether forced fragmentation by Mfn2 KD in BAT would 
be sufficient to increase energy expenditure in a whole organism in the context of nutrient 
excess. However, these differences strongly support the hypothesis that forced 
fragmentation might be a feasible pathway to increase energy expenditure in BAT. 
Therefore, a therapeutic approach selectively increasing fragmentation in BAT could 
potentially increase energy expenditure bypassing the requirement for adrenergic 
stimulation. This approach would prevent the expected and known complications 




Conclusions and Model 
 We propose a model where NE-induced mitochondrial fragmentation serves as an 
amplification pathway for uncoupling in brown adipocytes acting downstream of lipolysis 
and facilitating Ucp1 activation by FFA (Figure 2.10). Consequently, this may represent a 
novel role for mitochondrial dynamics in the regulation of energy efficiency. This change 
in mitochondrial dynamics may be increasing the capacity of FFA to reach Ucp1 or 
increasing the sensitivity of Ucp1 to FFA. Indeed, the higher ability of oleate inducing 
mitochondrial uncoupling compared to palmitate might be consistent with a current report 
showing the mechanism of activation of Ucp1 by FFAs. This study showed that the longer 
the hydrophobic tail was, the more efficiently the FFA activated Ucp1 (Fedorenko, Lishko 
et al. 2012). The fact that oleate’s hydrophobic tail (C18) is longer than palmitate (C16), 
together with a hypothetical better ability of oleate to be protonated in the inter-membrane 
space and thus translocate protons, could hypothetically explain its higher efficiency 
depolarizing mitochondria.  
 Consistent with these findings, our results suggest that induction of mitochondrial 
fragmentation could be used as a mechanism to enhance the capacity of plasma FFA to 
induce thermogenesis, even in the absence of adrenergic stimulation. In all, our study 
shows that mitochondrial dynamics in the brown adipose tissue might be a novel potential 




Materials and Methods 
Experimental Animals 
 BAT was harvested from 3 to 4-week-old wild-type male C57BL6/J mice (Jackson 
lab, Bar Harbor, ME). Animals were fed standard chow (mouse diet 9F, PMI Nutrition 
International, Brentwood, MO) and maintained under controlled conditions (19–22 °C and 
a 14:10 h light-dark cycle) until death by CO2 asphyxiation. All procedures were 
performed in accordance with the Boston University Institutional Guidelines for Animal 
Care (IACUC) in compliance with U.S. Public Health Service Regulation. 
 
Cell Culture and Oxygen Consumption Measurements 
 Mouse BA were isolated and cultured as previously described in detail (Cannon 
and Nedergaard 2001). In brief, preadipocytes isolated from BAT from three 3-weeks old 
C57BL6/J male mice were resuspended in 6 ml of culture medium after BAT collagenase 
digestion and washing steps. For oxygen consumption experiments, 100 µl were seeded 
into each well of a V7 cell culture plate (Seahorse Bioscience, Billerica, MA), followed by 
cell attachment for 1 h and thereafter addition of 150 µl medium consisting of DMEM 
supplemented with 10% newborn calf serum, 4 nM insulin, 10 mM HEPES, 4 mM 
glutamine, 50 IU of penicillin, 50 μg streptomycin, 25 μg sodium ascorbate/mL and 1μM 
rosiglitazone. For microscopy, 200 µl were seeded in the center of 35 mm glass bottom 
plates (MatTek, Ashland, MD), allowing cell attachment for 45 min and thereafter addition 
of 1.8 ml of medium. Medium was replaced the day after seeding and every second day 
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until preadipocytes had differentiated into brown adipocytes (7 days of culture). 
Rosiglitazone (Toronto research chemicals, Ontario, Canada) was used as differentiation 
agent (Petrovic, Walden et al. 2010) (Supplemental Figure 2.7). 
 Before the oxygen consumption measurements, BA media was replaced to assay 
media (3 mM glucose, 0.8 mM Mg++, 1.8 mM Ca++, 143 mM NaCl, 5.4 mM KCl, 0.91 mM 
NaH2PO4, and Phenol red 15 mg/ml (Seahorse Bioscience), followed by incubation for 
60min at 37 ºC (no CO2) before loading into the XF24 extracellular analyzer (Seahorse 
Bioscience) (Wu, Neilson et al. 2007). During these 60 minutes, the ports of the cartridge 
containing the oxygen probes were loaded with the compounds to be injected during the 
assay (50 µl/port) and the cartridge was calibrated. Cells were incubated with H89 (Sigma), 
and Orlistat (Sigma) in regular media for 1h before the experiment at the concentrations of 
5μM and 100μM respectively. H89 was diluted in H2O and Orlistat was diluted in DMSO. 
Both were present in the assay media during stimulation with NE. 
 
Injection Compounds Used for Imaging and Oxygen Consumption Measurements 
 Norepinephrine, cirazoline, and CL-316243 (Sigma, St Louis, MO) were prepared 
freshly in assay media at stock concentrations of 10 mM and used at final concentrations 
of 1 µM (which was used in all experiments). Palmitate and oleate were dissolved in 
DMSO to a final concentration of 0.1, 0.2 and 0.4 M and then dissolved at 56° C in RPMI 
medium containing 5 % fatty-acid-free BSA (Roche, Nutley, NJ) to make a 10x stock (4 
mM). To determine the optimal ratio of FFA:BSA, we performed a titration curve for both 
FFA and for NE (Supplemental Figure 2.1A-B). We determined that FFA:BSA at 4:1 gives 
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the strongest respiratory response. FCCP (Sigma) was dissolved in DMSO to 20 mM and 
used at final concentrations of 1 µM. FCCP was injected with Sodium Pyruvate (Sigma) at 




 Lentiviral particles (for mtDsRed and mtPAGFP transduction) were generated by 
transient transfection of 293T cells using fugene6 (Roche, Nutley, NJ) according to 
manufacturer’s instructions and the three-plasmid system according to Tronolab’s 
protocols. This system is comprised of the packaging plasmid pCMV-AdR8.91, the 
envelope coding plasmid pMD2.G and the transfer vector plasmid pLVCTH. Adenoviral 
particles for Drp1 DN expression was generated using the AdenoEasy system as described 
before (Molina et al, 2009). mtPAGFP adenovirus were used as transduction control 
(Molina et al, 2009). For Mfn2 knock down ,as transduction control, we used Ad-miRCt 
(encoding for control miRNA) and Ad-miR2 encoding for 5 miRNAs against MFN2. 
miRNAs were generated with the Block-it Pol II system from Invitrogen using the 
expression vector pcDNA 6.2 Gw/EmGFP/miR, which allows the cloning of several 
miRNAs in tandem and contains a GFP expression cassette. miRNAs were cloned by 
recombination into the pAdeno-CMV-V5 adenoviral vector (Invitrogen) by using the 
Gateway system (Sebastian et al., 2012). Adenoviruses were generated by transfection of 
the linearized adenoviral expression vectors in a human embryonic kidney cell line 
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(HEK293). The adenoviruses generated were then amplified in HEK 293 cells, titrated with 
the Adeno-X Rapid Titer kit (Clontech), and used directly for cell transduction. 
 
Fluorescent Dyes 
 Nile Red was used at 1 µg/ml for 15 min followed by wash-out before imaging. 
Mitotracker Green (MTG) was used at 200 nM for 90 min followed by wash-out before 
imaging. Tetramethylrhodamine-ethyl-ester-perchlorate (TMRE) was loaded at 30 nM and 
present during imaging. All dyes were from Invitrogen. 
 
Immunohistochemistry 
 After fixation with 4% paraformaldehyde in PBS for 15 min, cells were 
permeabilized with 0.2% Triton X (Sigma) for 10 min and thereafter unspecific binding 
sites were blocked using PBS with 1% BSA (Calbiochem, La Jolla, CA). Ucp1 primary 
antibody (antimouse, rabbit polyclonal, raised against COOH-terminal decapeptide) was 
used in a dilution of 1:3000 and incubated for 30 min.  Alexa 594 (Invitrogen) was used as 
secondary antibody at 1:500 and incubated for 30 min. Drp1 primary antibody (antimouse, 
mouse monoclonal, BD Biosciences) was diluted in PBS with 1% BSA at the concentration 
of 1:100 and incubated for 1h. Alexa 488 (Invitrogen) was used as secondary antibody at 





 Zeiss LSM 710 confocal microscope was used for the imaging experiments. 488 
nm laser was used to excite MTG, activated mtPAGFP and Alexa 488, while 543 nm laser 
was used for detection of mtDsRed, Ucp1 immunostaining, Nile Red and TMRE. A 63x 
objective was used for all imaging. 
 Photoconversion of mtPAGFP to its active (fluorescent) form was achieved by using 
2-photon laser (750 nm) to give a 375 nm photon-equivalence at the focal plane. This 
allowed for selective activation of mitochondrial regions that have submicron thickness 
and are less than 0.5 μm2 (Twig, Graf et al. 2006). 
 
Electron Microscopy 
 IBAT from mouse acclimated to 28°C for 2-4 weeks and iBAT from mouse 
acclimated to 6°C for 1-5 days were harvested. Small tissue fragments fixed in buffered 
4% formaldehyde overnight at 4°C were embedded in epoxy resin and selected areas were 
sectioned for electron microscopy observation. Small fragments of tissue were treated for 
maceration procedure (Riva, Loffredo et al. 1999) and studied in a ZEISS Supra40 HR 
SEM. 
Image analysis: 
 10 images for each experimental group were acquired by the TEM digital camera 
at 6,200 and 7,100 magnifications. For each image, all the whole mitochondria were 
profiled by LUCIA (laboratory Universal Computer Image Analysis) to obtain the mean 
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mitochondria area (in µm2). The image analysis software was calibrated using cross ruled 
gratings of known distance (0,463 µm). 
 
Mitochondrial Membrane Potential Measurements 
 Δψm was measured by quantifying the average fluorescence intensity of BA stained 
with the combination of MTG and TMRE before and after stimulation, as previously 
described in detail (Wikstrom, Katzman et al. 2007). In addition, BA showing Δψm 
depolarization was determined by visual inspection and defined as by the loss (≥30% 
reduction) of TMRE staining after stimulation. 
 
Image Analysis 
 Metamorph image analysis software (Molecular Devices, Sunnyvale, CA) was used 
to analyze all images for fluorescence intensities that were in turn further processed in 
Excel software. Image contrast and intensities were not adjusted in images used for 
quantifications (MTG/TMRE for Δψm and fraction of depolarized cells, Ucp1 content, 
mtPAGFP intensity, and mitochondrial morphology). Quantification of mitochondrial 
morphology was performed by visual inspection and cells were divided into three groups 





 Protein extracts were subjected to SDS–polyacrylamide gel electrophoresis and 
immunoblotting using the following primary antibodies: Ucp1 (rabbit polyclonal, raised 
against COOH-terminal decapeptide), Ucp1 (rabbite polyclonal, Abcam) , porin and Mfn2 
(mouse, monoclonal, Abcam, Cambridge, MA), Opa1 and Drp1 (mouse, monoclonal, BD 




 Data are given as means ± SE. Two-tailed, unpaired, or paired Student’s tests were 





Figure 2.1. Norepinephrine plus palmitate or oleate synergistically increase thermogenesis in 
cultured brown adipocytes  
Primary mouse brown adipocytes (BA) were stimulated with a suboptimal concentration of NE 
(1μM) in combination with optimal concentrations of free fatty acids complexed to BSA (0.4mM at 
4:1 ratio FFA:BSA). 
a) Quantification of relative change in Δψm in response to palmitate, NE or their combination. 
Note that depolarization results in a less negative Δψm values in mV. N=17-21 cells per condition. 
NE=norepinephrine ; P=palmitate; NE+P=norepinephrine plus palmitate.  
b) Effect of NE plus palmitate or oleate on mitochondrial Δψm depolarization. Images of 
multiple cells stained with TMRE/MTG (only merged images shown). Cells with depolarized 
mitochondria lose red TMRE staining and become green while cells that maintain Δψm show yellow-
orange mitochondrial staining. Scale bar 50µm. 
c) Combination of NE plus palmitate evokes a synergistic increase in oxygen consumption 
rates. Oxygen consumption rates (OCR, pmols O2/min) were measured under unstimulated and 
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stimulated conditions as indicated. Dotted lines mark the point of stimulation. Quantification of 
multiple experiments (not shown) showed that when normalized to NE alone (100%; n=13), NE plus 
palmitate stimulated oxygen consumption by 294% (n=15; SE 26%; p-value <0.0001) and palmitate 
alone only by 113% (n=15; SE 16%; p-value >0.05). Note that in intact brown adipocytes addition of 
oligomycin may reduce energy expenditure due to reduced availability of ATP required for nutrient 
utilization.  As such, post oligomycin oxygen consumption is not exclusively dependent on 
mitochondrial uncoupling, and thus it may be underestimating the contribution of mitochondrial 
proton leak to respiration. 
d) Comparing the effect of oleate (O) and palmitate (P) on BAT OCR. When combined with 
NE, oleate elicits similar respiratory response as compared to NE plus palmitate. Data are showing 
fold increase in OCR and are normalized to NE plus palmitate response (n=5 each condition). ** 
p<0.01. 
e) Comparing the effect of oleate and palmitate on mitochondrial depolarization. When 
combined with NE, oleate is a more efficient inducer of Δψm depolarization as compared to NE plus 
palmitate. Quantification of the fraction of cells that undergo Δψm depolarization is shown. 
Depolarization was defined as a 30% drop in TMRE fluorescence intensity. n=24 (NE + palmitate), 





Figure 2.2. Brown adipocyte stimulation induces mitochondrial fragmentation. 
a)  Mitochondrial morphology and lipid droplets. BA stained with the mitochondrial inner 
membrane dye, MTG, and the lipid droplet dye, Nile Red. Note the close proximity of the 
multilocular lipid droplets (red) and mitochondria (green). BF=bright field. White square indicates 
area of zoom. Scale bar 10µm, and 5µm for the zoom images. 
b-e)  Brown adipocytes stained with the mitochondrial dyes TMRE and MTG and imaged before 
(0min) and after (50min) stimulation. Note the differences in mitochondrial morphology; NE induces 
mitochondrial fragmentation, while NE plus palmitate also induce swelling. Palmitate (P) alone does 
not induce any morphological changes. Ctrl=control. Scale bar 10µm. 
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f) Quantification of mitochondrial fragmentation in response to stimulation. Mitochondrial 
morphology in each cell was classified into one of the following 3 subtypes: fully fragmented, 
partially fragmented or not fragmented.  The fraction of the cell population that shows each 
morphology subtype is presented. Zero labels indicate bars where quantification yielded zero. Note 
that NE alone or in combination with palmitate reduces the number of BA with normal morphology, 
while increasing the number of BA with partial or full fragmentation. N=3-4 independent 
experiments with 40-49 cells per condition. ** p<0.01.  
g) Quantification of mitochondrial swelling. Mitochondrial swelling in each cell was assessed as 
being present or absent. Zero indicates bars where quantification yielded zero. Note that only NE in 
combination with palmitate induces mitochondrial swelling. N=like in F). ** p<0.01.  
h) Immunohistochemistry (IHC) images of the mitochondrial protein TOMM20 in 
interscapular BAT (iBAT) from warm- and cold-adapted animals. In the wide-field images 
TOMM20/mitochondria shown brown labeling, while in the confocal images TOMM20/mitochondria 
show green labeling (Alexa 488); in both sets of images nuclei are blue (Hoescht staining). Arrows 
indicate mitochondria (M=mitochondrion; L=lipid droplet; N=nucleus). Note the fragmented and 





Figure 2.3. Characterization of sphere-shaped mitochondria in activated brown adipocytes.  
a) BA stained with MTG, imaged before and after NE plus palmitate stimulation. Note 
transition from filamentous mitochondria to fragmented sphere-like mitochondria. Depolarized 
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mitochondria retained MTG dye which binds to inner membrane proteins leaving the matrix 
unstained. Scale bar 10µm, and 5µm for the zoom images. 
b) BA expressing matrix-targeted DsRed and imaged before and after stimulation with NE plus 
palmitate. Note the transition to fragmented and spheroid mitochondria. Scale bar 10µm. 
c) Orientation of lipid droplets (red) to the sphere-shaped mitochondria (green). MTG and Nile 
Red staining of a BA 50 minutes after treatment with NE plus palmitate.  
d) Fragmented mitochondria are spheres and not donuts. BA expressing mtDsRed and 
mtPAGFP (both targeted to matrix) were treated with NE plus palmitate or FCCP for 50 min. Dotted 
white squares represent areas of photo-conversion with a 2-photon laser at 750nm which gives 
350nm at the focal plane. When mtPAGFP is photo-converted it fills the entire lumen of an individual 
mitochondrion thus defining its borders. Note that for NE plus palmitate treatment, mtDsRed and 
mtPAGFP fill the entire mitochondrial structures, indicating sphere-like morphology, and not donut-
like as is the case for FCCP. White squares indicate zoom area. Scale bar 10µm, and 5µm for the 
zoom images on the top and 20µm, and 5µm for the zoom images on the bottom. 
e) Transmission electron microscopy (TEM) of mitochondrial morphology in iBAT from 
warm- and cold-adapted animals. Arrows indicate mitochondria. Note the fragmented and swollen 
mitochondria in BAT from the cold-exposed animal. Scale bar 1.3µm for the iBAT at 28°C image, 
and 2µm for the iBAT at 6°C images. 
f) Quantification of mean mitochondrial area (in µm2) of 25 TEM images taken from BAT of 2 
animals per group (not the same animals shown in Figure 2e). * p<0.05. 
g) Scanning electron microscopy of iBAT from mice exposed to 6OC for 24 hours. Scanning 
EM confirms that round shaped mitochondria observed in TEM are not transverse sliced tubules but 
rather spheres. Red arrows point to mitochondria of which some have remained sealed and some 





Figure 2.4.  Subcellular spatial and temporal features of the induction of uncoupling, fragmentation 
and swelling.  
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a) A wave of mitochondrial depolarization precedes fragmentation. Δψm depolarization in BA 
stained with TMRE/MTG and stimulated with NE plus palmitate. Time lapse imaging was started 
after the cell started to depolarize at one pole. Mitochondria that depolarize lose red TMRE staining 
and become green. Note how the cell depolarizes from one pole to the other in a wave-like fashion. 
Time indicates time lapsed after NE plus palmitate stimulation. Scale bar 10µm. 
b) A second example as shown in A). Note that Δψm depolarization precedes fragmentation 
which in turn precedes swelling. Scale bar 10µm, and 5µm for the zoom images. 
c) Time chart of Δψm depolarization reveals that depolarization continues after mitochondrial 
fragmentation is completed.  Cells 1-3 represent the different type of responses that were measured 
following stimulation with NE plus palmitate. Bleaching control represents a cell that was not 
stimulated in which we tested the effect of imaging on Δψm; note that there is no major change.  
Arrows indicate time of full mitochondrial fragmentation. Note that depolarization continues after 
fragmentation. Note that Cell 1 shows fast depolarization and fragmentation while cell 3 has a 
delayed response. 
d) Summary of depolarization occurring pre- and post-mitochondrial fragmentation. Note that 
both values are in comparison to the TMRE fluorescence intensity prior to depolarization. ** p<0.01, 
* p<0.05. N=8.  
e) Quantification of initial Δψm depolarization vs. fragmentation. To determine the timing of 
depolarization vs. fragmentation, BA were time-lapse imaged and analyzed for time to depolarization 
and fragmentation (n=10). Cells above diagonal line fragment after depolarization. Note that Δψm 
depolarization always precedes fragmentation. 
f) Δψm repolarization in BA stained with TMRE/MTG. The cell was stimulated with NE for 1h, 
followed by wash out recovery. Time lapse imaging was started prior to stimulation. Mitochondria 
that depolarize lose red TMRE staining and become green. Note that the cell repolarizes from one 





Figure 2.5. Mitochondrial fusion decreases in activated brown adipocytes.  
Cells expressing mtPAGFP and stained with TMRE. Time=0min refers to photo-conversion. Fusion of 
the photo-converted fraction (10%) with the rest of the mitochondrial network dilutes activated 
mtPAGFP and leads to a reduction in fluorescence intensity. Images are representative z-projections. 
Time 0 indicates the time of photo-conversion. Photo-conversion was performed 30 minutes after 
stimulation with NE and/or palmitate or control media. 
a) Mitochondrial fusion assay in an unstimulated cell. Note the decrease in fluorescence 
intensity and increase in mtPAGFP area at 70 min. White line indicates area of mtPAGFP in the cell. 
Scale bar 10µm. 
b) Mitochondrial fusion assay in NE stimulated cell. Note that mitochondrial fusion and 
movement are negligible. Scale bar 10µm. 
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c) Mitochondrial fusion assay in NE plus palmitate stimulated cell. Note that this cell showed 
depolarized Δψm rapidly after stimulation and that mitochondrial fusion and movement was 
abolished like in B). Scale bar 10µm. 
d) Fusion kinetics is decreased in NE as well as NE plus palmitate-treated cells. Decreased 
fluorescence intensity over time after mtPAGFP conversion. Control and stimulated cells were photo-
converted in a portion of the mitochondrial network. The dilution over time of mtPAGFP across the 
mitochondrial network was used as a measure of mitochondrial fusion. N=30 (control), n=15 
(palmitate), n=11 (NE), n=26 (NE plus palmitate). * p<0.05, ** p<0.01. 
e) Western blot showing Opa1 long (top band) and short (lower band) forms 50min after NE 
plus palmitate stimulation. Porin is used as loading control. Note that the top band decreases in 
intensity while the lower band increases with stimulation. 
f) Densitometry quantification of Opa1 long form (top band) normalized to porin. N=4 per 
condition. 






Figure 2.6. Mitochondrial fragmentation in activated brown adipocytes is controlled by PKA with 
Drp1 as downstream target. 
a) Immunostaining of Drp1 in control vs. NE stimulated (50min) cells. Note the change in 
mitochondrial morphology and the increase in green Drp1 punctae on mitochondria with 
stimulation. White dashed square shows the region of the cell where higher resolution image was 
taken from. Mitochondria show red fluorescence through the expression of matrix targeted Ds-Red 
protein. Scale bar 10µm, and 2µm for the zoom images. 
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b) Western blot for total and phosphorylated Drp1 (Ser600) in BA treated with PKA inhibitor 
(H89, 5 µM) and control. Porin is used as loading control. Note that the increase in Ser600 
phosphorylation with NE stimulation (50min) is inhibited by H89. N=3 per condition. 
c) Quantification of Western blot analyses for phosphorylated Drp1 (Ser600) and total Drp1 
shown in (B), normalized to total (T-) Drp1 and Porin respectively. * p<0.0002.  
d) Fragmentation depends on PKA, but not on Δψm depolarization. Brown adipocytes stained 
with the mitochondrial dyes TMRE and MTG and imaged before (0min) and after (50min) 
stimulation with NE (only merged images shown). BA showing mitochondrial depolarization lose red 
TMRE staining and become green, while cells that maintain Δψm show yellow-orange mitochondria. 
BA pre-incubated with a low concentration (5 µM) of the PKA inhibitor H89 are compared to 
control BA (vehicle treated). Note that mitochondrial fragmentation induced by NE is inhibited 
under PKA inhibition. Note that a cell in the control group (labeled “1”) depolarized and fragmented 
in response to NE, while a cell labeled “2” also fragmented, but did not depolarize. Note that in cells 
treated with H89 the initial phase of depolarization occurred, but mitochondria did not fragment. 
Scale bar 20µm, and 5µm for the zoom images. 
e and f)  Quantification of the fraction of cells that undergo Δψm depolarization in response to NE as 
indicated. The fraction of mitochondrial fragmentation was quantified in cells in which 
depolarization occurred.  Note that H89 reduced the fraction of cells that fragmented their 
mitochondria in response to NE. H89 inhibited fragmentation independent of mitochondrial 





Figure 2.7. Mitochondrial fragmentation is independent of lipolysis. 
a) Cells stained with TMRE and MTG and imaged before and after (50min) NE stimulation -/+ 
the lipolysis inhibitor Orlistat (100 µm). Cells pre-incubated with Orlistat are compared to control 
cells (vehicle). Note that Orlistat treated cells still show fragmented mitochondria after NE 
stimulation. Scale bar 20µm, and 5µm for the zoom images. 
b and c)  Quantification of the fraction of cells that undergo Δψm depolarization in response 
to NE as indicated. The fraction of mitochondrial fragmentation was quantified in cells in which 
depolarization did not occur.  Note that Orlistat did not reduce significantly the fraction of cells that 
fragmented their mitochondria in response to NE. Orlistat reduced the fraction of the cells that 
undergo depolarization in response to NE, but did not affect mitochondrial fragmentation. Numbers 
are Mean % of cells ±SD. 
d) Western blot for total Drp1, phosphorylated Drp1 (Ser600) and Opa1 under control and 
Orlistat. Porin is used as loading control. Note that Orlistat does not reduce the increase in Ser600 
phosphorylation with NE stimulation (50min). N=3 per condition. 
e) Quantification of Western blot analyses for phosphorylated Drp1 (Ser600) and total (T-) 
Drp1 shown in (D), normalized to T-Drp1 and Porin respectively. * p<0.0002 and ** p<0.002.  
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f) Quantification of Western blot analyses for Opa1 (Top and Lower bands) shown in (D), 





Figure 2.8. Inhibition of fission dampens stimulated brown adipocyte energy expenditure. 
a) Inhibition of mitochondrial fragmentation by the expression of Drp1 DN (DRP1 K38A) 
blocks Δψm depolarization. Typical appearance of cell stained with TMRE/MTG expressing Drp1 
DN, imaged before and after NE plus palmitate stimulation. Note the hyperfused mitochondria in 
Drp1 DN cells and the lack of change in mitochondrial morphology or Δψm upon stimulation (only 
Drp1 DN cells are shown). White square indicates area of zoom. Control cells were infected with 
equivalent amounts of mtPAGFP adenovirus. Scale bar 10µm, and 5µm for the zoom images of the 
control cells and 20µm, and 5µm for the zoom images of the Drp1 DN cells. 
b) Quantification of mitochondrial morphology in unstimulated cells expressing Drp1 DN vs. 
control. ** p<0.0001. *p<0.05. N=20 (control), n=23 (Drp1 DN). 
c)  Drp1 DN cells show diminished response in oxygen consumption rates (OCR, pmols O2/min) 
to NE alone.  
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d) Drp1 DN cells show diminished response in OCR to palmitate alone. 
e) Drp1 DN cells show diminished response in OCR to NE plus palmitate. Note that prior to 
stimulation there is no difference in oxygen consumption.  
f) Quantification of OCR in brown adipocytes expressing Drp1 DN and stimulated with NE 
and/or palmitate. Fold is calculated as the fold increase in OCR over the pre-stimulated OCR, with 
OCR values obtained after the addition of antimycin being used as the zero OCR value (n=10 each 
condition). *p<0.05, **p<0.001 
g) Quantification of the fraction of Drp1 DN cells that depolarize in response to NE plus 





Figure 2.9. Knock down of Mfn2 enhances brown adipocyte sensitivity to FFA. 
a) Mfn2 knock down (KD) elicits mitochondrial fragmentation in BA. Typical appearance of 
cell stained with TMRE and expressing micro-RNA targeting MFN2 or scrambled as control (both 
co-expressing GFP). Note the fragmented and swollen mitochondria in Mfn2 KD. White square 
indicates area of zoom.  
b) Quantification of mitochondrial morphology in unstimulated MFN2 KD cells vs. control. 
N=31 (control), 32 (MFN2 KD). ** p<0.01. 
c) Representative oxygen consumption rates (OCR) traces of cells stimulated with NE or 
palmitate. Mfn2 KD cells show similar response in OCR to NE but increased response to palmitate. 
Each trace represents 2-3 replicates per group.  
d) Quantification of the effect of Mfn2 KD on OCR in response to stimulation with NE alone or 
with different palmitate concentrations as indicated. Mfn2 KD cells show increased sensitivity to 
palmitate in oxygen consumption. Data are normalized to scrambled (control) NE. N=3 independent 
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experiments. Fold is calculated as the fold increase in OCR over the pre-stimulated OCR, with OCR 
values obtained after the addition of antimycin being used as the zero OCR value.  
e) Quantification of the effect of Mfn2 KD on OCR in response to stimulation with NE alone or 
with different oleate concentrations as indicated. Mfn2 KD cells show increased sensitivity to oleate 
in oxygen consumption. Data are normalized to scrambled (control) NE. Fold was calculated as in D). 
N=3 independent experiments. *p=0.05, **p=0.0012. 
f) Quantification of the glycerol release in the presence and absence of the NE. Note that there 






Figure 2.10. Model of the role of mitochondrial dynamics in the brown adipocyte. 
Mitochondrial uncoupling in the brown adipocyte is a result of the coordinated action of two 
pathways that synergize. NE induces the production of FFA by lipolysis, while the amplification 
pathway proposed here, increases the sensitivity of mitochondria to FFA by changing mitochondrial 
architecture, this is dependent on PKA. The combination of adrenergic stimuli and FFAs activates 





Supplementary Figure 2.1. Establishment of conditions that demonstate the synergistic effect of NE 
and FFA.  
a) BSA concentration alters palmitate effect. Palmitate (0.4mM) was complexed to BSA in four 
different ratios (Palmitate:BSA; 5:1, 4:1, 3:1, 2:1) and added together with NE. Note that the 
Palmitate:BSA ratio used in the study was 4:1.  
b) Norepinephrine titration. Note that the concentration of NE used in the study, 1µM, induce 
submaximal increase in oxygen consumption. In addition, adding BSA to NE inhibits the stimulated 






Supplementary Figure 2.2. Characterization of mitochondrial  morphology and mass following BA 
stimulation with NE for 50 min in culture. 
a) Mitochondrial mass, as measured by porin, does not change in response to NE treatment of 
BA in culture. Western blot of the mitochondrial marker Porin in the presence and absence of NE 
stimulation for 50 min. Note no change in mitochondrial mass after NE stimulation. 
b) Scanning electron microscopy of mitochondrial fragmentation. Cultured brown adipocytes 
were stimulated by NE for 50 min followed by cryo-freezing and imaging. White square indicates 
zoom area. Arrows indicate mitochondria. Note the fragmented mitochondria in the NE treated cell. 





Supplementary Figure 2.3. Recovery of mitochondrial morphology and Δψm after NE and palmitate 
stimulation.  
Cells were exposed to NE plus palmitate for a period of 2 h. NE plus palmitate were then removed 
and cells were incubated in normal culture media for additional 24 h before images were acquired.  
a) Cell stained with TMRE/MTG under unstimulated conditions. Note the intact Δψm. Scale 
bar 20µm, and 5µm for the zoom images.  
b) Recovery of function 24 h after a 2 h stimulation with NE plus palmitate or control media; 
Δψm depolarization in response to NE and palmitate. Cells stained with TMRE/MTG. Scale bar 
50µm.  
c) Recovery of function 24 h after a 2 h stimulation with NE plus palmitate or control media; 
increase in oxygen consumption in response to NE. Data are normalized to the control cells response 
to NE (n=5 each condition).  
d) Quantification of the recovery of mitochondrial morphology 24h after NE+Palmitate 






Supplementary Figure 2.4. Mitochondrial fusion event. 
Cell expressing mtDsRed and mtPAGFP that was photoactivated prior to time-lapse imaging. Images 
are 3D projections from z-stacks to ensure that no mitochondrial segment moved out of the focal 
plane. Note the sudden increase in mtPAGFP area at 25 s which represents a fusion event where 





Supplementary Figure 2.5. Synergistic effect on Δψm depolarization is mediated through β-
adrenergic pathway. 
a) Images of multiple cells stained with TMRE/MTG and imaged 50 min after stimulation as 
indicated (only merged images are shown). Alpha-agonist = cirazoline (selective α1 agonist); Beta-
agonist = CL-316243 (selective β3 agonist). Cells that depolarize lose red TMRE staining and become 
green. Scale bar 50µm.  
b) Quantification of the fraction of cells that undergo Δψm depolarization in response to stimuli 
as indicated. n=24 (NE + palmitate), n=10 (cirazoline + palmitate [α+P]), n=10 (CL-316243 + 
palmitate [β+P]). ** p<0.01.  
c) Synergistic increase in oxygen consumption by FFA plus NE involves the β-adrenergic 
pathway. Measurements of basal oxygen consumption rates were followed by measurements under 
palmitate -/+ CL-316243 or cirazoline. Note that data are normalized to Palmitate. N=4 (cirazoline 





Supplementary Figure 2.6.  
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a-b) Western blot of Ucp1 content in cells expressing Drp1 DN vs. control. Porin as a loading 
control. Note that there is no significant difference in Ucp1 expression. n=5-6.   
c) Effect of Drp1 DN on lipid droplet size and number as a marker of cell differentiation. Note 
that there is no significant difference between the control and Drp1 DN cells. N=22 cells per group. 
d) Western blot of MFN2 knock down by microRNA and Ucp1 content. Actin as a loading 
control. Note the decrease in Mfn2 expression while Ucp1 expression was not affected.  
e) Trace of oxygen consumption on Mfn2 KD and control cells after FCCP. Note that basal 
respiration and maximal capacity of mitochondrial oxygen consumption is not affected in the Mfn2 
KD group. n=3 wells per group.  
f) Quantification of the maximal oxygen consumption rate after FCCP injection of the control 
and Mfn2 KD groups. N=2.  
g) Trace of oxygen consumption on Drp1 DN and control cells after FCCP. Note that basal 
respiration and maximal capacity of mitochondrial oxygen consumption is not affected in the Drp1 
DN group. n=2 wells per group. 
h) Quantification of the maximal oxygen consumption rate after FCCP injection of the control 





Supplementary Figure 2.7.  
a) Ucp1 immunostaining of differentiated (with rosiglitazone) vs. undifferentiated cells (no 
rosiglitazone). Note the difference in fluorescence intensity.  
b) Western blot for UCP1and porin in differentiated brown adipocytes in the presence and 
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 Mitochondrial dynamics regulate energy expenditure and uncoupling in brown 
adipose tissue (BAT). Previously, we showed that knockdown of mitofusin2 protein 
(Mfn2) in brown adipocytes and subsequent mitochondrial fragmentation increases energy 
expenditure in response to free fatty acids in vitro. Here, we report that BAT-specific Mfn2 
ablation in vivo (BAT-Mfn2-KO), using the Cre/Lox system, protects against diet-induced 
obesity. BAT-Mfn2-KO mice that were placed on high-fat diet (HFD, 45% of calories) 
gained significantly less body weight and remained more glucose tolerant and insulin 
sensitive over 25 to 30 weeks of HFD, compared to controls. Although no significant 
difference was observed in energy expenditure in vivo, BAT-Mfn2-KO mice displayed 
lower metabolic efficiency. In addition, whole body respiratory exchange ratio analyses 
revealed that BAT-Mfn2-KO mice showed a switch in fuel utilization from glucose to fatty 
acids in both light and dark cycles. Mitochondria from BAT of BAT-Mfn2-KO mice 
displayed higher maximal respiratory capacity and higher basal proton leak, especially for 
Complex II-driven substrates. Interestingly, we found that, 30 weeks of HFD resulted in 
reduced BAT Mfn2 protein levels in wild type mice and increased mitochondrial maximal 
respiratory capacities especially through complex II, recapitulating Mfn2-KO phenotype. 
To determine the role of reduced Mfn2 during high nutrient state, we examined the effect 
of Mfn2 deletion on BAT mitochondria under normal nutrient exposure. Similar to HFD, 
in the absence of Mfn2, BAT mitochondrial capacity was increased for both Complex I- 
and Complex II-driven respiration despite lower complex protein levels. Complex I and III 
protein content were reduced dramatically in BAT isolated from BAT-Mfn2-KO mice. 
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Despite higher mitochondrial capacity and fatty acid oxidation, Mfn2 deletion in BAT 
increased lipid accumulation and reduces UCP1 expression, the latter resulting in impaired 
thermogenesis under severe cold stress. These data demonstrate a potential compensatory 
mechanism in BAT, whereby downregulation of Mfn2 during over-nutrition increases 
energy expenditure and fatty acid oxidation. In addition, it appears that specific Mfn2 
deletion in BAT during HFD further increases the energy expenditure by reducing 





 Brown adipose tissue (BAT) contributes to thermogenesis in mammals by 
converting nutrients to heat following adrenergic stimulation (Cannon and Nedergaard 
2004, Richard and Picard 2011). Recent studies in rodents and humans support that 
activated BAT substantially contributes to whole body energy expenditure by oxidizing 
fatty acids and glucose (Cannon and Nedergaard 2010, Enerback 2010). Additional studies 
showed that over acute cold exposure, enhanced BAT activity alone contributed 
significantly to increased total energy expenditure (TEE) also in humans (Ouellet, Labbe 
et al. 2012). This high oxidative capacity of BAT requires extensive tissue vascularization 
and innervation in order to maintain its high substrate and oxygen demands when it is 
maximally activated (Cannon and Nedergaard 2004, Mahdaviani, Chess et al. 2016). 
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 The inherent and unique efficiency of BAT transforming nutrients into heat led to 
the proposal, decades ago, that BAT activation could be used as a therapy for obesity and 
type 2 diabetes, as these are diseases characterized by excessive nutrient environment. 
Indeed, cold acclimated animals showed improved insulin sensitivity and enhanced 
glucose utilization not only in BAT, but also in other tissues (Vallerand, Perusse et al. 1987, 
Gasparetti, de Souza et al. 2003, Saito 2013). This could be explained by additional studies 
showing a direct regulatory role of BAT in plasma triglyceride (TG) levels in 
hyperlipidemic and obese mice (Bartelt, Bruns et al. 2011, Ouellet, Labbe et al. 2012).  
Although increasing nutrient oxidation by augmenting BAT and/or beige adipocyte mass 
have been proposed, as the main processes related to thermogenesis, to be targeted to find 
new treatments for obesity, this approach faces two major challenges. One is that increasing 
BAT mass without its activation will not increase the transformation of excess nutrients 
into heat. Indeed, obese subjects also show an expansion in BAT mass that can be perfectly 
functional.  The other is to find longstanding activation mechanisms that cannot be reversed 
by physiological compensatory responses. While the most physiological process to activate 
BAT would be to lower the ambient temperature, the feasibility of this approach as therapy 
might be limited and produce heterogeneous metabolic responses among individuals. 
Indeed, energy expenditure boost during short term activation of thermogenesis can be 
compensated by various mechanisms including increase in food intake (Cannon and 
Nedergaard 2009, Tam, Lecoultre et al. 2012). Furthermore, adrenergic activation can have 
strong deleterious effects, particularly in other tissues such as the heart. Thus, a non-
adrenergic, mild but constant activation of BAT specifically may be a feasible therapeutic 
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strategy besides other lifestyle interventions to prevent or treat obesity and related 
metabolic disorders. 
 To identify mechanisms that would allow for an elevated level of the basal energy 
expenditure in the BAT, the molecular mechanisms involved in BAT activation 
downstream of adrenergic response need to be further explored. In this regard, we recently 
identified a new mechanism involved in adrenergic stimulation of BA allowing 
mitochondria to produce heat from nutrient oxidation, instead of producing ATP. The 
sequence of mechanistic events is that adrenergic stimulation increases intracellular cAMP 
levels, which activate Protein Kinase A (PKA) activity.  PKA phosphorylation of HSL 
induces lipolysis and consequently increases FFA intracellular concentration. In addition 
to being the substrates oxidized by the mitochondria, FFA also determine the ability of 
mitochondria to increase oxidation to generate heat, by directly activating the 
mitochondrial inner membrane protein UCP1 (uncoupling protein 1) (Cannon and 
Nedergaard 2004). However, multiple studies show that to a certain level thermogenesis in 
BAT can be independent of UCP1. In addition, presence of FFA in BAT mitochondria is 
not sufficient to activate UCP1 alone. Therefore, there are other mitochondrial mechanisms 
contributing to the activation of uncoupled respiration and thermogenesis that have not 
been explored. One of them involves the modulation of mitochondrial dynamics in BAT. 
Mitochondrial dynamics refer to the ability of mitochondria to move and to engage into 
fusion events, mediated by the GTPases Mitofusin 1, 2 and OPA1, and into fission events, 




 We have recently shown that Norepinephrine (NE) induces mitochondrial 
fragmentation, which is required for BA uncoupled respiration and energy expenditure. 
Our data revealed that PKA-mediated Drp1 phosphorylation causes Drp1 to be translocated 
from the cytosol to the mitochondria, which activates mitochondrial fragmentation. Recent 
evidence in BAT and multiple studies in other tissues has shown a connection between 
mitochondrial dynamics (fusion and fission) and respiratory function which suggest that 
modulation of mitochondrial dynamics in BAT could be considered as a potential 
therapeutic target for BA activation and thus for metabolic diseases (Molina, Wikstrom et 
al. 2009, Gomes and Scorrano 2011, Liesa and Shirihai 2013). We demonstrated in primary 
cultures  that forced fragmentation of mitochondria through short term knockdown of Mfn2 
protein, a protein involved in mitochondrial fusion activity, enhanced energy expenditure 
and mitochondrial respiration in response to exogenous FFA and, more importantly, even 
in the absence of NE stimulation. However, whether induced mitochondrial fragmentation 
in BAT mediated by reduced Mfn2 expression can be protected from obesity in vivo has 
not been tested. This is an essential step to determine the feasibility of mitochondrial 
fragmentation in BAT as a potential therapeutic approach for obesity and type 2 diabetes. 
 To address this hypothesis, we generated a mouse model with BAT specific 
knockout for Mfn2 protein for the first time to determine whether induced mitochondrial 
fragmentation in BAT through lack of Mfn2 would metabolically activate BAT in the 
absence of adrenergic stimulation. Additionally, we investigated the contribution of 
activated BAT at the whole body level to determine whether this novel approach will be 





Mfn2 was Specifically Ablated in BAT of Mfn2flox/flox-UCP1 Cre +/- Mice and 
Conferred Protection against the Obesogenic Effect of High Fat Diet. 
 We have shown previously that knockdown of Mfn2 protein results in 
mitochondrial fragmentation and increases energy expenditure in response to fatty acids in 
brown adipocytes in vitro  (Wikstrom, Mahdaviani et al. 2014). In order to examine the 
effect of mitochondrial fragmentation in BAT in vivo we generated BAT specific Mfn2 
KO mice and investigated the effects of the lack of Mfn2 on whole body energy 
expenditure and glucose metabolism of mice exposed to chow and high fat diets (HFD). 
To eliminate the thermal stress and to avoid cold induced mitochondrial fragmentation in 
BAT in the control (WT) group, animals under HFD were kept in two groups, one at 
ambient temperature (22°C) and the other one at thermoneutral condition (30°C). 
 We created our experimental mice with Mfn2 specific ablation in brown adipocytes 
by crossing UCP1-cre+/- transgenic mice with Mnf2flox/flox mice to generate UCP1-cre-/-
.Mnf2flox/flox (control group) and UCP1-cre+/-.Mnf2flox/flox mice; hereafter will be referred 
to as BAT-Mfn2-KO mice. Expression of Mfn2 was analyzed in various tissues from 
control and BAT-Mfn2-KO mice. Figure 1A shows the expected tissue distribution of 
Mfn2 (Sebastian, Hernandez-Alvarez et al. 2012), and the specific ablation of this protein 
in BAT (Fig. 3.1A). These mice had no visible phenotypic changes, and exhibited normal 
development, growth and fertility. To verify the effect of Mfn2 ablation on mitochondrial 
architecture in our experimental model, we performed immunohistochemistry (IHC) of 
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BAT mitochondria from both control and BAT-Mfn2-KO mice by TOMM20 staining. We 
observed highly globular mitochondrial structures in BAT from BAT-Mfn2-KO mice as 
compared with the control which indicates higher mitochondrial fragmentation. (Data is 
not quantified) (Fig. S3.1A). It was also previously reported that reduced expression of 
Mfn2 protein in different tissues increases mitochondrial fragmentation. In the next set of 
experiments, we investigated whether Mfn2 deletion would promote long-term metabolic 
changes in female mice under normal and over nutrition states (HFD). Female mice of both 
genotype groups showed similar values of body mass under 40 weeks of chow diet at 
ambient temperature (Fig. 3.1B). Body composition and percentage of fat and lean body 
mass in female mice were not distinct (Fat % : 17.5 % ± 9.4 vs 22.9 % ± 12.1, Lean % : 
77.4 % ± 7.9 vs 72.7 % ± 11.7 for control and BAT-Mfn2-KO female mice respectively at 
(8 month old) (Fig. S3.2A). We dissected and weighed different white adipose tissue 
(WAT) depots including subcutaneous, gonadal, mesenteric, peri-renal, peri-BAT as well 
as brown adipose tissue (BAT) depots including interscapular and subscapular plus cervical  
at 14-15 months old. WAT depots didn’t show any significant difference in between 
genotyping groups. However, BAT depots were significantly larger in BAT-Mfn2-KO 
mice (Fig. 3.1C) than control animals fed a chow diet. In order to examine the hypothesis 
that genetically-induced mitochondrial fragmentation in BAT induced by Mfn2 deficiency 
would protect animal from obesogenic effects of high fat diet (HFD), we determined body 
weight gain of both control and BAT-Mfn2-KO female mice on HFD under slight cold 
stress (22°C) at ambient temperature (Fig. 3.1D) and at thermoneutral (30°C) condition 
(Fig. 3.1F) over at least 30 weeks. While WT mice exhibited an increase in about 30- 40% 
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on body weight after 25 weeks on HFD, BAT-Mfn2-KO mice gained significantly less 
body weight over time when exposed to HFD at both ambient (Fig. 3.1D) and 
thermonuetral conditions (Fig. 3.1F). The difference in body weight was larger at ambient 
temperature. BAT-Mfn2-KO female mice showed about 15% lower body weight after 25 
weeks of HFD at ambient temperature compared to control animals and 7% less body 
weight at thermonutrality over the duration of about 25 weeks of HFD compared to control 
mice (Fig. 3.1D and F). Although BAT-Mfn2-KO female mice showed lower values of 
body weight constantly along HFD intervention, body composition and percentage of fat 
and lean body mass did not differ significantly between two groups in female mice 
measured after 6 months of HFD, However, there was a trend towards lower percentage of 
fat mass in BAT-Mfn2-KO female mice compared to the controls. (Fat %: 41.5 % ± 5.8 
and 38.0 % ± 10.0, Lean %: 55.7 % ± 5.4 and 59.1 % ± 10.3 for control and BAT-Mfn2-
KO female mice respectively at 7 month old) (Fig. S3.2B). The animals exposed to HFD 
at thermoneutrality also showed similar results of body composition (Fig. S3.2C). 
Dissection of different depots of WAT and BAT from 9 month old BAT-Mfn2-KO and 
control female animals showed similar trend of smaller WAT depots as NMR data shows. 
BAT depots also showed a trend towards larger mass in BAT-Mfn2-KO female mice as 
compared to the control mice (Fig. 3.1E and G). However, this difference is only significant 
in the group at ambient temperature (Fig. 3.1E). Moreover, the combination of the effect 
of HFD and environmental temperature on adiposity and body weight revealed that HFD 
animals kept at thermoneutral conditions were more obese as compared to animals at 




BAT Specific Mfn2 KO Female Mice Remained More Glucose Tolerant and Insulin 
Sensitive in Response to HFD 
 In order to investigate the effect of Mfn2 deletion on whole body glucose 
metabolism, we examined whole body glucose metabolism of chow and HFD fed animals 
in two genotyping groups. Deletion of Mfn2 did not result in any significant difference 
between two genotypes when they were exposed to chow diet (Fig. 3.2A). Fasting blood 
glucose and glucose tolerance were comparable between BAT-Mfn2-KO and control mice 
at 5-6 months old in female groups under chow diet (Fig. 3.2A). Therefore, Mfn2 
deficiency in BAT didn’t affect glucose tolerance, independent of the absence of significant 
difference in mice body weight. Both BAT-Mfn2-KO and control mice subjected to HFD 
for 20 weeks at both temperatures developed glucose intolerance to some extent, when 
compared to their respective chow diet groups. However, BAT-Mfn2-KO mice exhibited 
a higher glucose tolerance compared to control mice in both groups of ambient and 
thermoneutral temperatures (Fig. 3.2B and C). Administration of insulin caused a higher 
hypoglycemic response in BAT-Mfn2-KO mice (Fig. 3.2D and E) compared to the 
controls, consistent with the results of glucose tolerance tests. This data suggests improved 
insulin sensitivity and glucose tolerance in BAT-Mfn2-KO mice. Interestingly, insulin 
caused severe hypoglycemia in some of BAT-Mfn2-KO female animals to the point that 




BAT-Mfn2-KO Mice Exhibit Lower Metabolic Efficiency but Higher Fatty Acid 
Oxidation in Vivo 
 To test the hypothesis that BAT-Mfn2-KO mice have higher energy expenditure 
that protects this genotype from some of the effects of diet induced obesity, we assessed 
systemic metabolic parameters of BAT-Mfn2-KO and control mice subjected to HFD. We 
examined mice whole body energy expenditure of both genotyping female groups using 
metabolic chambers. Multiple regression analysis showed different slopes of energy 
expenditure correlated to the corresponding lean body mass for control and BAT-Mfn2-
KO mice, but no significant difference was observed between control and BAT-Mfn2-KO 
groups for both light and dark cycles probably due to the low number mice per groups (Fig. 
S3.3A). However, we observed significant lower RER values for BAT-Mfn2-KO female 
mice compared to the controls in both light and dark cycles, indicating higher fatty acid 
oxidation in BAT-Mfn2-KO animals in vivo (Fig. 3.3A). 
 Metabolic efficiency represents the fraction of energy intake that is saved as extra 
body weight (weight gain/ Kcal energy intake) in contrast to the rest of the energy intake 
which is dissipated. The result of metabolic efficiency determines whether lower rate of 
body weight gain in BAT-Mf2-KO female mice is a result of their lower energy intake or 
lower metabolic efficiency. Based on the calculated percentage of the data in Figure 3 A 
and B, our data revealed that BAT-Mfn2-KO mice displayed lower values of metabolic 
efficiency by 29% and 11% at ambient and thermoneutral temperatures respectively (Fig. 
3.3B and C). This data indicates that BAT-Mfn2-KO mice are metabolically more 
inefficient compared to control animals. In addition, thermoneutral temperature increased 
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metabolic efficiency in both control and BAT-Mfn2-KO mice on HFD as compared with 
those which were housed at ambient temperature (Fig. 3.3B and C). Regarding the 
physiological effect of environmental temperature on animal energy expenditure, as 
expected, we observed that animals in thermoneutrality consumed lower food per mouse 
compared to the animals kept in ambient temperature (data not shown). 
 
Mfn2 Ablation Enhances Maximal Respiratory Capacities, Basal Proton Leak and 
Fatty Acid Oxidation in BAT Isolated Mitochondria Independent of UCP1and Despite 
Lower ETC Complexes Content 
 Increased energy expenditure and reduced efficiency in vivo may arise from 
increased mitochondrial proton leak as well as increased mitochondrial mass. Measuring 
bioenergetics parameters in isolated mitochondria can determine the isolated contribution 
of changes to mitochondrial respiratory capacity, leak and fuel preference to the observed 
phenotype in vivo. To test the hypothesis that mitochondria from BAT-Mfn2-KO mice on 
HFD have higher energy expenditure compared to the same number of control 
mitochondria in vitro, we isolated mitochondria from BAT of control and BAT-Mfn2-KO 
mice subjected to HFD at ambient temperature for about 40 weeks. We then measured 
oxidative phosphorylation (State3), maximal (FCCP) respiratory capacities and basal leak 
associated respiration (state4). We inhibited UCP1 associated respiration using Guanosine 
Diphosphate Nucleotide (GDP). Mitochondria isolated from BAT of BAT-Mfn2-KO mice 
displayed higher respiratory capacity at all respiratory states (state2, state3 and maximal) 
for both complex I and complex II driven respiration, indicating that BAT-Mfn2-KO 
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mitochondria have higher basal proton leak, higher oxidative phosphorylation and higher 
maximal respiratory capacity (Fig. 3.3D and E). Maximal respiratory capacity was 
significantly higher for Complex II-driven substrates. This result could explain higher 
metabolic inefficiency of BAT-Mfn2-KO mice in vivo. 
 Since BAT-Mfn2-KO mice had lower RER indicating higher fatty acid oxidation, 
we further examined fatty acid oxidation capacity of Mfn2 deficient mitochondria isolated 
from BAT-Mfn2-KO female mice in both groups subjected to HFD at ambient temperature 
and chow diet . Our data revealed that BAT mitochondria isolated from BAT-Mfn2-KO 
mice (in both HFD and chow diet groups) exhibit higher β-oxidation compared to 
mitochondria isolated from control animals in response to palmitoyl carnitine and malate 
(Fig. S3.4A and B). The higher respiratory capacity observed in BAT-Mfn2-KO mice is 
not related to enhanced cytochrome c oxidase activity, as no differences were detected in 
respiration between animal groups with TMPD/Ascorbate (Fig. S3.4C). Surprisingly, the 
higher capacity of respiration in mitochondria from BAT-Mfn2-KO mice was associated 
with a trend towards lower protein content of electron transport chain complexes, 
especially for complex I protein content which was significantly reduced in mitochondria 
isolated from BAT-Mfn2-KO female mice (Fig. 3.6A and B). 
 
HFD Reduces Mfn2 Protein Level in BAT of Control Mice Physiologically and 
Increases Complex II Driven Respiration 
 Investigating the physiological effect of chronic HFD on BAT mitochondria of 
control and BAT-Mfn2-KO female mice, we found that in control mice, 30 weeks of HFD 
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resulted in reduced BAT Mfn2 protein levels by 85% (Fig. 3.4A and B). Consistent with 
previous studies, isolated mitochondria from BAT of HFD fed control animals exhibited 
higher basal proton leak associated respiration (state 2) and oxidative phosphorylation 
linked respiration (state 3) as well as higher maximal respiratory capacities driven by both 
Pyruvate/ Malate or Succinate/Rotenon substrates as compared to mitochondria isolated 
from chow diet fed female mice (Fig. 3.4C and D). The increased maximal capacity of 
respiration was significantly higher for respiration driven through complex II (Fig. 3.4D). 
Similar trend was also observed in isolated mitochondria extracted form BAT of BAT-
Mfn2-KO mice, when all the states of respiration were slightly higher in isolated 
mitochondria from BAT of HFD fed animal compared to the chow diet fed ones. However, 
the extent of the difference in BAT-Mfn2-KO isolated mitochondria was much smaller, 
suggesting that chronic HFD effects on increased respiratory capacity of mitochondrial is 
much less in Mfn2 deficient mitochondria (Fig. 3.4E and F). 
 To determine the role of reduced Mfn2 during high nutrient state, we examined the 
effect of Mfn2 deletion on BAT mitochondria under normal nutrient exposure (chow diet). 
Similar to HFD, in the absence of Mfn2, BAT mitochondrial capacity was increased for 
both Complex I and Complex II driven respiration at all the states (Fig. 3.5A and B). This 
effect was more significant for complex II associated respiration. However, to our surprise, 
WB analysis of mitochondrial ETC complexes showed a trend towards reduction in all the 
complex protein levels in mitochondria isolated from BAT-Mfn2-KO mice (Fig. 3.5C and 
D). Complex I and III protein content were reduced dramatically in mitochondria isolated 




Mfn2 Deficiency in BAT Increases Lipid Accumulation but Reduces UCP1 Expression 
which Subsequently Impairs Thermogenesis under Severe Cold Stress 
 Investigating the effect of long term ablation of Mfn2 protein on TG synthesis and 
lipid droplet size in BAT, H&E stained BAT sections showed higher lipid accumulation 
and larger lipid droplet size in BAT from BAT-Mfn2-KO mice (Fig. 3.7A and B). This 
effect reflected in increased BAT mass in BAT-Mfn2-KO female mice measured at 14-15 
month old compared to the controls (1.05% and 2.03 % of total body weight in control and 
BAT-Mfn2-KO female mice respectively) (Fig. 3.1C). Therefore, we can conclude that 
specific Mfn2 deletion in BAT results in significant increases in tissue mass, which are not 
due to changes in total body weight.  
 Surprisingly, long term loss of Mfn2 in BAT resulted in down regulation of UCP1 
protein expression relative to Tomm20 protein expression as loading control in BAT from 
BAT-Mfn2-KO mice (Fig. 3.7C and D). 
 We next investigated whether reduction in UCP1 protein expression observed in 
BAT-Mfn2KO mice affects their thermogenic capacity under cold exposure. As previously 
described the temperature of normal animal housing condition (20-22°C) is considered as 
a chronic thermal stress to mice. Although baseline body temperature measured by 
implanted transponders at room temperature under slight cold stress (22°C) didn’t show 
any significant difference between the BAT-Mfn2-KO and control female animals, (Fig. 
3.7E time 0) the results revealed a significant impairment in BAT maximal thermogenic 
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capacity induced by placing mice at 4°C over the six hour time course in BAT-Mfn2-KO 
mice compared to the control (Fig. 3.7E) (Fig. S3.5A and B). 
 
Discussion 
 We have previously reported that the adrenergic-induced mitochondrial 
fragmentation and arrest of fusion is utilized by brown adipocyte as an amplification 
pathway for energy expenditure. In addition, short term knockdown of Mfn2 and 
subsequent mitochondrial fragmentation in vitro increases the sensitivity of mitochondria 
to free fatty acids induced energy expenditure in brown adipocytes.  Here, we show for the 
first time that Mfn2, a mediator of mitochondrial fusion, in BAT plays an important role in 
regulating whole body energy expenditure and fuel utilization in vivo in response to HFD. 
Specific ablation of Mfn2 in BAT of female mice not only protects against obesogenic 
effects of HFD, but animals also remain more glucose tolerant and insulin sensitive when 
they were exposed to HFD. This study not only provide further evidences that nutrient and 
energy state induces alterations to BAT mitochondrial dynamics but it also shows, that this 
alteration in mitochondrial dynamic in BAT could contribute to the whole body energy 
expenditure and glucose metabolism. 
 In this study, we reported that HFD reduced Mfn2 expression in BAT of WT mice 
by 85%. This reduction in Mfn2 may underlie enhanced bioenergetic capacities and altered 
fuel preference in order to compensate for the over nutrition and energy state. Previous 
studies have also reported that mitochondrial fragmentation is associated with excess 
nutrient environment, suggesting a potential role for mitochondrial dynamics in energy 
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expenditure and nutrient oxidation (Molina, Wikstrom et al. 2009, Liesa and Shirihai 
2013).This result is also consistent with other studies reporting changes in Mfn2 expression 
level linked to obesity and diabetes in other tissues. In skeletal muscle, Mfn2 expression 
was inversely correlated with BMI in nondiabetic and type 2 diabetic subjects (Bach, Naon 
et al. 2005, Zorzano, Hernandez-Alvarez et al. 2010). This reduction in Mfn2 mRNA 
expression was rescued in morbidly obese subjects after reduction in body weight or in 
response to bariatric surgery-induced weight loss (Bach, Naon et al. 2005, Gastaldi, Russell 
et al. 2007, Hernandez-Alvarez, Chiellini et al. 2009, Zorzano, Hernandez-Alvarez et al. 
2010). Additionally, Zucker obese rats have decreased mitochondrial networking ability 
and reduced skeletal muscle Mfn2 expression by 34% (Bach, Pich et al. 2003). Similar 
changes in mitochondrial morphology have been reported in the beta cells isolated from 
Type 2 Diabetic patients, Zucker Diabetic obese rats, and in diet induced obesity (Higa, 
Zhou et al. 1999, Bindokas, Kuznetsov et al. 2003, Anello, Lupi et al. 2005, Fex, Nitert et 
al. 2007). On the other hand, there are evidences that shows exercise and calorie restrictions 
which have lowered incidences of obesity and diabetes, displayed an increase in Mfn2 
expression in adipose tissue, skeletal muscle as well as in INS1 cells in response to calorie 
restriction serum treatment (Cartoni, Leger et al. 2005, Cerqueira, Laurindo et al. 2011, 
Fealy, Mulya et al. 2014, Cerqueira, Chausse et al. 2016). While in this study, HFD 
physiologically downregulates Mfn2 expression in BAT of WT mice by 85%, one might 
ask that are all the observed beneficial metabolic effects in BAT-Mfn2-KO mice resulted 
from the absence of just 15% of Mfn2 protein? Indeed, Mfn2 protein plays diverse roles in 
multiple cellular functions, and further studies is required to understand how much of Mfn2 
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protein is required to keep its various functions intact. Moreover, HFD might induce other 
metabolic effects due to systemic Mfn2 downregulation. We also cannot exclude that in 
BAT-Mfn2-KO mice, circulating endocrine signals, for instance FGF21- might also 
regulate fuel metabolism, energy expenditure and bioenergetics efficiency by mechanisms 
independent of mitochondrial dynamics, and that must be further investigated.  
Additionally, further studies investigating the effect of HFD on mice model of Mfn2 over 
expression in BAT is required to understand the actual significance of Mfn2 regulatory 
roles under HFD. 
 We demonstrated that BAT-Mfn2-KO mice has higher fatty acid oxidation in vivo. 
There is growing evidence suggesting that lack of Mfn2 in different tissues results in 
reduced glucose oxidation and a switch in fuel preference. Repression of Mfn2 expression 
has been shown to reduce glucose oxidation by 30% in L6E9 myotubes (Bach, Pich et al. 
2003). A reduction in the substrate oxidation and mitochondrial membrane potential has 
also been observed in muscle cells (Pich, Bach et al. 2005). Similarly, lower respiration 
and glucose oxidation was reported in fibroblasts following reduction in Mfn2 protein 
(Civitarese and Ravussin 2008). In other systems, exposure of vascular smooth muscle 
cells (VSMCs) to PDGF resulted in mitochondrial fragmentation and a 50% decrease in 
Mfn2, and consequently demonstrated a 20% decrease in glucose oxidation, which was 
accompanied by an increase in fatty acid oxidation. This change in mitochondrial 
morphology and bioenergetics reprograming has been shown to be essential for hyper 
proliferative response of the VSMC (Salabei, Cummins et al. 2013). Furthermore, higher 
whole body glucose uptake and oxidation as well as reduced fatty acid oxidation was 
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observed after RYGB gastric bypass of morbidly obese women during the weight loss 
process. This event was associated with increased in Mfn2 mRNA expression in skeletal 
muscles while no correlation was observed to the CPT1 expression (Gastaldi, Russell et al. 
2007). In similar study, the significant increase in Mfn2 mRNA levels was strongly 
correlated with the increase in glucose oxidation observed in morbid obesity following 
bariatric surgery (Mingrone, Manco et al. 2005). 
 Despite the fact that several studies reported the Mfn2 reduction and enhanced fatty 
acid oxidation in different tissues under high nutrient state, and although we showed the 
resulting mitochondrial fragmentation in BAT may underlie the protective metabolic 
changes, deletion of Mfn2 in different tissues resulted in diverse metabolic responses. 
Knockdown of Mfn2 with shRNAs in BALB/c mice liver impaired hepatic glucose 
metabolism and lipid homeostasis. Mfn2 knockdown in the liver resulted in insulin 
resistance, decreased hepatic glucose production and fatty acid synthesis with increased 
triglyceride concentrations in the blood (Chen and Xu 2009). This demonstrated that 
inhibition of Mfn2 in different tissues may contribute to different aspect of obesity due the 
tissue specific roles of Mfn2. This was further verified by a liver specific knockout of Mfn2 
that caused mitochondrial fragmentation and resulted in dramatic changes in whole body 
metabolic control. In these mice, liver Mfn2-deficiency impaired insulin signaling, 
enhanced gluconeogenesis, and increased ROS (Sebastian, Hernandez-Alvarez et al. 
2012). Lack of Mfn2 in muscle or liver caused impaired insulin signaling resulted from 
excessive JNK activity and phosphorylation of IRS proteins at serine residues which 
inhibits PI-3 kinase activation (Sebastian, Hernandez-Alvarez et al. 2012). Whether Mfn2 
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modulates insulin signaling in other tissues, still remains unknown. In addition to Mfn2 
various functions in different tissues, the opposite metabolic response to the lack of Mfn2 
in BAT versus other active metabolic tissues might come from the consequences of 
increased fatty acid oxidation induced by lack of Mfn2 in mitochondria. In obesity, 
metabolic flexibility, known as the cellular capacity to switch from using lipid to 
carbohydrate and vice versa as the energy substrate, is impaired. This inflexibility might 
be a consequence of Mfn2 down regulation in metabolically active tissues as a 
compensatory mechanism to remove high circulating level of FFA observed in obesity 
(Mingrone, Manco et al. 2005). Although in short term, increased FFA oxidation might be 
protective, it could subsequently result in long term inflexibility in fuel utilization. This 
might trigger adverse metabolic effects in tissues with higher susceptibility to this 
inflexibility. However, although BAT actively takes up glucose, its preferred fuel source 
is lipid (Bartelt, Bruns et al. 2011). Moreover, some of these diverse metabolic response 
could be due to the different regulatory effects of Mfn2 on OXPHOS components in 
different tissues. 
 Indeed, in our study we also demonstrated that lack of Mfn2 results in altered 
mitochondrial bioenergetic function, which was evident as enhanced respiration in all 
metabolic states especially for the complex II driven respiration. Additionally, the higher 
level of basal proton leak in the absence of Mfn2, could act as a nutrient detoxification 
mechanism in the BAT. This increase in “nutrient-wasting” in a high proton leak 
environment would be protective from high nutrient exposure. Interestingly, respiration 
driven by long chain fatty acid oxidation was also increased in isolated mitochondria from 
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BAT-Mfn2-KO mice, which agree with the higher fatty acid oxidation observed in vivo. 
Surprisingly, the bioenergetic consequences of Mfn2 ablation in BAT mitochondria from 
chow diet fed animals mimicked the effects of HFD on mitochondrial bioenergetics 
capacities.  Long-term exposure to fatty acids, has been shown before to increase 
mitochondrial mass and protein content which results in enhanced mitochondrial 
respiratory capacities (Schmid, Converset et al. 2004). Here, we showed that respiratory 
rates were increased over chronic HFD exposure in WT animals, especially through 
complex II-linked respiration. These results suggest the existence of an adaptive 
mechanism to cope with high nutrient stress that might be mediated by reduced Mfn2 
levels. Therefore, BAT in BAT-Mfn2-KO mice may represent a situation that mimics long-
term FFA exposure. Mfn2 regulation of TG synthesis and fatty acid oxidation would 
represent a novel role of mitochondrial dynamics which regulates fuel preference. On the 
other hand, some of these effects might be independent of the role of Mfn2 in mitochondrial 
fusion. Pich et al. has shown that the effect of Mfn2 overexpression on mitochondrial 
metabolism is mimicked by truncated Mfn2 mutant (Rojo, Legros et al. 2002, Koshiba, 
Detmer et al. 2004) that lacks its fusion activity (Pich, Bach et al. 2005). They showed that 
part of the effects of Mfn2 on mitochondrial metabolism was through regulating OXPHOS 
expression and those effects are not secondary to its role as a mitochondrial fusion protein 
(Pich, Bach et al. 2005). In a separate study, over expression of this form of Mfn2 increased 
enzymatic activity of components I+III and III in skeletal muscles but complex II+III 
activity remained intact (Segales, Paz et al. 2013). ETC complexes are known to form 
supercomplexes, which enhances respiratory activity (Enriquez 2016). Suppercomlexes are 
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mainly consisted of complex I, III, and IV. The regulatory role of Mfn2 on bioenergetics 
and ETC protein expressions could be due in part to changes in mitochondrial electron 
transport chain complexes and supercomplex assembly in response to either changes in 
mitochondrial morphology or Mfn2 protein level per se. 
 In contrast to the higher respiratory capacities, we observed that Mfn2 deletion 
reduced mitochondrial complex proteins levels. Among all, complex I and complex III 
subunits displayed the lowest levels in BAT-Mfn2-Ko mice. Obesity-induced Mfn2 
deficiency in rat skeletal muscle was also shown to be associated with a decrease in the 
subunits of complexes I, II, III and V. Similar reductions in ETC subunits were reported in 
Mfn2 KD myotube. In this regard, Pich et al. reported that the enzymatic activity of 
complex I+III and III decreased in Mfn2 KD, despite preserved activity of complex II+III 
(Pich, Bach et al. 2005). On the other hand, Mfn2 gain-of-function in L6E9 myoblasts was 
associated with increased expression of several subunits of complexes I, IV and V (Pich, 
Bach et al. 2005). Complex I degradation may possibly be explained by higher rate of 
superoxide formation resulted from enhanced fatty acid oxidation. Increased fatty acid 
oxidation has been shown to increase ROS formation at Complex I site which might lead 
to damages and consequently degradation of the complex I subunits (Perevoshchikova, 
Quinlan et al. 2013). However, lower Complex I content eventually may be protective for 
lower ROS formation during enhanced fatty acid oxidation. Moreover, in our investigation 
we only looked at specific subunits of Complex I and III (CI-NDUFB8 and CIII-
UQCRC2), therefore, there is a possibility that complex I and III function may be sustained 
even with low levels of the mentioned subunits. 
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 We reported that BAT-Mfn2-KO mice displayed cold sensitivity when they were 
exposed to acute cold stress. Higher respiratory capacities observed in BAT-Mfn2-KO 
mice rule out the possibility that long term lack of Mfn2 protein would affect respiration, 
or impaired adrenergicaly induced thermogenesis in BAT-Mfn2-KO mice. In fact, lack of 
thermogenesis was correlated with UCP1 down regulation in BAT of BAT-Mfn2-KO 
mice. Beyond its classical role in mediating mitochondrial fusion, Mfn2 has also been 
implicated in the regulation of mitochondrial function, gene expression, cell differentiation 
and proliferation (Forni, Peloggia et al. 2015, Kawalec, Boratynska-Jasinska et al. 2015). 
Further studies are required to fully understand the regulatory role of Mfn2 on UCP1 
expression in vivo. While the observed alterations in mitochondrial bioenergetics in Mfn2 
deficient BAT, is accompanied by the lack of classical thermogenesis with  severe cold 
stress, it may also represent an important adjustment for increased BAT mass and enhanced 
basal mitochondrial proton leak in BAT-Mfn2-KO mice. This study suggests that 
respiratory capacity is able to regulate brown fat gene expression by signaling from 
mitochondria to the nucleus. Interestingly, UCP1 protein downregulation in BAT-Mfn2-
KO mice was not strong enough to reduce adaptive thermogenesis and abolish the high 
energy expenditure resulted from Mfn2 deficiency. In this sense, it has been shown that 
adaptive thermogenesis is impaired in UCP1 KO mice under thermoneutrality and 
consequently UCP1 KO animals become obese even under chow diet (Feldmann, 
Golozoubova et al. 2009). In this regard, BAT-Mfn2-KO animals, despite impaired UCP1 
dependent thermogenesis, gained less body weight compared to their controls on HFD at 
thermoneutrality. This indicates that enhanced basal energy expenditure in BAT-Mfn2-KO 
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animal can compensate for the lack of UCP1 activity. Conceivably, specific Mfn2 ablation 
in BAT might be more protective against HFD if UCP1 expression level were similar in 
both genotypes. Additionally, previous studies showed that UCP1 ablated mice lacking 
thermogenic capacity are protected against diet induced obesity and do not spontaneously 
become obese unless they are maintained at thermoneutral temperature (~30°C) (Enerback, 
Jacobsson et al. 1997, Feldmann, Golozoubova et al. 2009). Adaptive thermogenic capacity 
independent of UCP1 under slight cold stress, strengthen the possibility of the role of cold 
induced mitochondrial fragmentation on energy expenditure in BAT as an alternative 
UCP1 independent thermogenic mechanism. Therefore, BAT mitochondrial fragmentation 
induced energy expenditure might explain the anti-obesity effect of cold on whole body 
energy expenditure in UCP1 KO animals. 
 In our previous study, acute knockdown of Mfn2 did not alter lipid droplet number 
or size, UCP1 expression or NE induced energy expenditure. However, chronic Mfn2 
ablation clearly increased the size of lipid droplets in BAT and expanded BAT mass. We 
still need to investigate if the larger BAT mass is due to higher proliferation rate and higher 
cell number or due to bigger cell size. The distinct cellular responses to Mfn2 deletion 
observed in our previous and present work may be explained considering not only how 
long Mfn2 deletion lasts, but also at which particular time of differentiation Mfn2 ablation 
take place. Moreover, Mfn2 has been shown to play a role in intracellular signaling as an 
important antiproliferative protein acting as an effector molecule of Ras, resulting in the 
inhibition of the Ras-Raf-ERK signaling pathway and blocking signaling from growth 
factor receptors at the plasma membrane (Chen, Dasgupta et al. 2014).Thus in the absence 
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of Mfn2, cells will exhibit higher rate of proliferation, which might explain the expansion 
of BAT mass in BAT-Mfn2-KO mice. 
 In our study we also observed the effect of Mfn2 specific excision in BAT in both 
female and male mice (data is not shown for male mice). Our data indicated a clear gender 
difference in the extent of metabolic and bioenergetics alteration provided by the lack of 
Mfn2 in BAT. The difference in beneficial metabolic alteration between female and male 
mice showed a clear sex trend towards females. Several studies have been investigating 
sex differences in parameters involved in obesity including body fat distribution, metabolic 
rate (Arciero, Goran et al. 1993, Tarnopolsky, Atkinson et al. 1995), oxidative capacity 
(Rodriguez and Palou 2004), sex hormones, energy expenditure, adipokine signaling, 
appetite regulation and proteomic under different diets (Choi, Oh et al. 2011). Further 
studies are required to fully understand the Mfn2 regulation of energy expenditure between 
male and female mice particularly in the context of HFD. 
 In conclusion, our data imply that mitochondrial dynamics in BAT, and in 
particular Mfn2 protein regulates mitochondrial structure, function and fuel preference, and 
thereby directly impacting whole body energy expenditure and glucose metabolism. BAT 
is known to participate in whole body energy expenditure when it is maximally activated. 
However, it has been always a challenge to activate BAT without adrenergic stimulation. 
As a result, therapeutic approaches targeting mitochondrial function downstream of NE 
activation are likely to be more efficient in terms of eliminating excess nutrients, when 
compared to approaches that promote BAT mass expansion. The data shown in the present 
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study provided further evidence that Mfn2 protein in BAT may indeed be a target in 
regulating whole body energy expenditure in the absence of adrenergic stimulation. 
 
Material and Methods 
Mouse Models and Tissue Collection 
 UCP1-cre(+/-) mice were gifted to us from Dr. Aprahamian’s lab. This mice is also 
available commercially at Jackson lab. The generation of Mfn2loxP mice has been 
previously described by Hsiuchen Chen (Chen, McCaffery et al. 2007). Briefly, ES clones 
(129 strain) carrying targeted mutations were injected into C57BL/6 blastocysts. Founder 
chimeric mice were bred to Black Swiss mice, and agouti offspring were bred to FLPeR 
mice to remove the neomycin resistance cassette. Resulting mice were maintained as 
homozygous stocks (Farley, Soriano et al. 2000). UCP1-cre transgenic and Mfn2flox/flox 
mice were used in a series of crosses to create cre(+/-) or cre(-/-) mice and homozygous for 
flox, thereby ablating Mfn2 in brown adipose tissue. Different white adipose tissue depots 
(gonadal, subcutaneous, mesenteric, per-Renal and peri-brown adipose tissue- peri BAT 
depots is the WAT isolated from peri interscapular BAT) as well as brown adipose tissue 
depots (interscapular and subscapular plus cervical) were collected separately, weighed, 
and subsequently divided in order to provide uniform tissue samples for further analyses. 
Liver, heart and muscle tissues were also collected for protein analysis. All experiments 
were approved by the Institutional Animal Care and Use Committee at Boston University. 
Mice were kept under a 12:12-h dark-light period and provided with water ad libitum. Mice 
where divided to three groups at age 4-5 weeks depending on the room temperature and 
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the provided diet. Group one were provided with a standard chow diet and were kept at 
room temperature (RT) (22°C), group two were provided with HFD (45 kcal % fat) from 
research diet (catalogue # D12451) and were kept at room temperature (22°C), and group 
third were fed HFD and were kept at thermo-neutral temperature (30°C). 
 
Food Intake and Bodyweight Measurement 
 Mice were caged singly or in groups with their same genotype and sex littermates. 
Mice in all three groups were weighed weekly. The amount of food that were added and 
collected per cage were also weighed weekly for HFD groups, in order to be able to 
calculate approximate food intake per mouse in all groups. 
 
Thermogenesis and Acute Cold Exposure 
 Subcutaneous, biocompatible, and sterile microchip transponders (Bio Medic Data 
Systems, Seaford, DE) were implanted in male and female UCP1-cre(-/-).Mfn2flox/flox and 
UCP1-cre(+/-).Mfn2flox/flox mice in all three groups at least two days prior to 
experimentation. On the day of the experiment, mice were housed singly in pre-chilled 
cages at 4°C with free access to water. Body temperature was assessed hourly for 6-8 h 
using a wireless reader system (Bio Medic Data Systems, Seaford, DE). We exposed mice 




Glucose Tolerance Test (GTT) 
 Animals are starved for approximately 15 hours with water available, then blood 
glucose levels were determined before a solution of 20% glucose is administered by intra-
peritoneal (IP) injection (1g/ kg weight). Blood glucose levels are measured at different 
time points (15 min, 30 min, 60 min, 90 min, and 120 min) during the following 2 hours. 
Blood samples were also collected for serum insulin measurement before glucose injection 
and at different time points (15 min, 30 min, 60 min) after glucose injection. 
 
Insulin Tolerance Test (ITT) 
 Animals are fasted for approximately 5 hours, fasted blood glucose levels are 
determined before insulin is administered by intra-peritoneal (IP) injection (1gr/ kg weight) 
[10ul/gr]. Blood glucose level is measured at different time points (15 min, 30 min, 60 min, 
90 min, and 120 min) during the following 2 hours. 
 
Metabolic Chamber 
 Metabolic parameters were determined using indirect calorimetry in metabolic 
cages (Oxymax Comprehensive Lab Animal Monitoring System, Columbus Instruments, 
Columbus, OH). The gas flow rate was 0.5 L/min. The instrument monitored the amount 
of oxygen inhaled (VO2) and the amount of carbon dioxide exhaled (VCO2) for 1 min every 
18 min and continuously monitored the amount of activity on x- (long), y- (short), and z- 
(vertical) axes. Total activity counted the number of times a light beam was broken; 
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ambulatory activity counted the number of times adjacent beams were broken and therefore 
did not register movement due to breathing, grooming, or scratching.  Respiratory 
exchange ratio (RER) was calculated with CLAX software (Columbus Instruments) as 
VCO2/VO2. Heat production (or energy expenditure) in cal/min was derived from the Lusk 
equation: (3.815 + 1.232 × RER) × VO2 with VO2 in mL/min. The system was calibrated 
with gas of a known percentage of oxygen and carbon dioxide before every experiment. 
 
NMR and Tissue Collection 
 Fat mass, lean mass were acquired using the 5 G EchoMRI-700 (EchoMRI, LLC, 
Houston, TX). Mice were assessed in the fed state. The machine was calibrated with a 
canola oil phantom before every experiment. 
 
Mitochondrial Isolation 
  Isolation buffer (SHE buffer) contains 250 mM Sucrose, 5mM HEPES, 2 mM 
EGTA, BSA 2%. (PH=7.2) Rinse and mince the isolated BAT in cold PBS. Transfer the 
pieces in the glass dounce homogenizer with SHE+BSA buffer. Apply 9-10 strokes with 
tefflon pestle. Transfer the homogenate to a pre chilled 50 ml folcon tube and centrifuge at 
2100 rpm for 10 min. Take the supernatant and repeat the centrifugation in a clean falcon 
tube. Take the supernatant and centrifuge at 9000 rcf for 10 min. Re suspend the pallet in 
fresh SHE+BSA and repeat the centrifugation one more times. Then re suspend the pallet 
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in a SHE buffer with no BSA and centrifuge again to wash the BSA. Measure protein 




  Load 4ug of protein per well for pyruvate+Malate and 2ug of protein for 
succinate+rotenone in 25 ul of MAS media with the substrate per XF-96 well. Centrifuge 
the plate at 4°C, 5 min at 3400 rpm. Carefully add 110 ul of MAS with substrate per well, 
on top of 25 ul centrifuged. Warm the plate at 37°C for 4 min and load the palate. MAS 
buffer contains 100mM KCL, 10mM KH2PO4, 2mM MgCL2, 5mM HEPES, 1mM 
EGTA, 0.1% BSA and 1mM GDP (PH=7.2). Pyruvate is used at 5mM, malate at 5mM, 
succinate at 5mM and rotenone at 2uM. ADP was injected at port A (3.5mM), Oligomycin 
A at port B (3.5uM), FCCP at port C (4uM) and Antimycin A at port D (4uM). 
 
Genotyping and PCR 
 Genotyping was performed by PCR of tail snip lysates (Viagen, DirectPCR, Los 
Angeles, CA) obtained during the weaning of pups.  Floxed Mfn2 transgene was detected 
using GoTaq Green Master Mix (Promega, Madison, WI.) and the following primers: gaa 
gta ggc agt ctc cat cg and ccc aag aag agc atg tgt gc.  The unexcised conditional band is 
810bp and the WT is 710 bp.  Cre transgene was detected in the same samples by following 
  
107 
the genotyping protocol provided by JAX Mice using the following primers: gcg gtc tgg 
cag taa aaa cta tc and gtg aaa cag cat tgc tgt cac tt. 
 
Western Blot 
 Protein extracts were subjected to SDS-polyacrylamide gel electrophoresis and 
immunoblotting using the following primary antibodies: Mfn2 (Abcam), UCP-1 (Abcam), 
and Tomm20 (Abcam), OXPHOS cocktail (Abcam). 
 
IHC/H&E Staining 
 Slides of formalin-fixed BAT containing 5 μm paraffin embedded sections from 
UCP1-cre(-/-).Mfn2flox/flox and UCP1-cre(+/-).Mfn2flox/flox mice were deparaffinized, 
stained with Tomm20 by immunohistochemistry, and imaged as previously described. 
Sections (5 μm) were also stained with hematoxylin and eosin. 
 
Lipid Droplet Quantification 
 H&E slides were imaged and analyzed by Image J. Region of interest was created 
around the cell edges as well as all the lipid droplets per cell and the area for each region 





 Differences between mean values were assessed by a Student’s t-test; Two way 





Figure 3.1. Mfn2 protein is ablated in BAT of Mfn2flox/flox-UCP1 Cre +/- mice. BAT specific Mfn2 
KO mice are protected against obesogenic effect of HFD. 
A) Mfn2 and UCP1 protein expressions in different tissues of BAT-Mfn2-KO animal. Please 
notice the deletion of Mfn2 only in BAT. 
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B) Effect of Mfn2 specific ablation in BAT on body weight of control and BAT-Mfn2-KO 
female mice on chow diet over 38 weeks. Please notice that there is no significant difference between 
groups. (n=7-9) (Two-way ANOVA) 
C) Quantification of the various WAT and BAT depot weights of control and BAT-Mfn2-KO 
female mice at 14-15 month old on chow diet. Both BAT depots of BAT-Mfn2-KO mice are larger 
compared to the WT mice. (P≤ 0.02; T-test, n=4-6) 
D) Effect of Mfn2 specific ablation in BAT on body weight of control and BAT-Mfn2-KO 
female mice on HFD at ambient temperature (22°C) over 40 weeks. Average slope of body weights is 
significantly lower for BAT-Mfn2-KO female mice as compared to the control (WT) mice. (p < 
0.0001; Two-way ANOVA, n=8-10) 
F) Quantification of the various WAT and BAT depot weights of control and BAT-Mfn2-KO 
female mice at 9-12 month old on HFD at ambient temperature (22°C). Please notice that both BAT 
depots of BAT-Mfn2-KO mice are larger compared to the WT mice (P < 0.005; T-test, n=8-4). Also 
please notice that in addition to a trend towards smaller WAT depot in BAT-Mdn2-KO female mice, 
subcutaneous WAT of BAT-Mfn2-KO mice is significantly smaller compared to the control (P<0.04; 
T-test).  
E) Effect of Mfn2 specific ablation in BAT on body weight of control and BAT-Mfn2-KO 
female mice on HFD at thermoneutral temperature (30°C) over 30 weeks. Average slope of body 
weight is significantly lower for BAT-Mfn2-KO female mice as compared to the control (WT) mice. 
(p=0.0038; Two-way ANOVA, n=5-7) 
G) Quantification of the various WAT and BAT depot weights of control and BAT-Mfn2-KO 
female mice at 9-10 month old on HFD at thermoneutral temperature (30°C). Please notice that both 
BAT depots of BAT-Mfn2-KO mice are slightly larger compared to the WT mice (n=5-7). Also 
mesenteric WAT of BAT-Mfn2-KO mice is significantly smaller compared to the control (P<0.04; T-
test). 
Single asterisk indicate a statistically significant difference. Two-way ANOVA and T-test statistical 
tests were used when two data sets were analyzed for total body and tissue weights respectively. 





Figure 3.2. BAT specific Mfn2 KO mice remained more glucose tolerant and insulin sensitive in 
response to HFD 
A) Glucose tolerance test (GTT) on female mice fed chow diet at 5 months old (n=5-7) (Two-
way ANOVA). 
B)  GTT on female mice fed a HFD at ambient temperature (22°C) (P<0.002; Two-way 
ANOVA, n=6-9)  
C)  GTT on female mice fed a HFD at thermoneutral temperature (30°C) (P<0.0001; Two-way 
ANOVA, n=5-7) BAT-Mfn2-KO female mice in both groups under HFD significantly show lower 
values of plasma glucose during GTT. 
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D)  Insulin Tolerance Tests (ITT) on mice fed a HFD at ambient temperature (22°C) (P=0.05; 
Two-way ANOVA, n=5-8) 
E) ITT on female mice fed a HFD at thermoneutral temperature (30°C) (P<0.0001; Two-way 
ANOVA, n=5-7) BAT-Mfn2-KO female mice in both groups under HFD significantly show lower 
values of plasma glucose during ITT. Glucose injection was requires due to hypoglycemia 60 min 
after insulin injections to few numbers of the BAT-Mfn2-KO mice. 
Single asterisk indicate a statistically significant difference. Two-way ANOVA statistical tests were 





Figure 3.3. BAT specific Mfn2 KO mice displayed higher fatty acid oxidation and lower metabolic 
efficiency in vivo as well as higher basal proton leak and maximal mitochondrial capacity in vitro 
A) Quantification of the RER data at both light and dark cycles for mice under HFD. Values 
are calculated as the ratio of VCO2 to VO2. Please notice a significant reduction in RER for light 
cycles (P<0.03; T-test, n=4-6) and a trend toward lower RER in dark cycle (P=0.0575; T-test, n=4-6) 
in BAT-Mfn2-KO mice. 
B) And C) Quantification of the metabolic efficiency between BAT-Mfn2-KO and control 
female mice under HFD at both ambient temperature (n=10-11) (B) and at thermoneutrality (n=5-7) 
(C). Values are calculated as g body weight gained per Kcal of energy intake. BAT-Mfn2-KO mice 
significantly display lower metabolic efficiency under HFD at ambient temperature (P < 0.01; T-test, 
n=10-11). Values shown in all panels are means ± SEM. 
D) And E) Quantification of the oxygen consumption rates and energy states in isolated 
mitochondria form BAT of the BAT-Mfn2-KO and control mice for both pyruvate/ malate (D) and 
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Succinate/ Rotenone (E) substrates. Please notice higher respiration for both complex I and II driven 
respiration in Mfn2 KO mitochondria. (P<0.05; T-test, n=4-8) 
Single asterisk indicate a statistically significant difference. T-student statistical tests were used when 





Figure 3.4. HFD reduces Mfn2 protein level in BAT of control mice and increases mitochondrial 
capacity especially for complex II driven respiration 
A) Mfn2 protein contents were measured using specific antibodies in BAT extracts from BAT-
Mfn2-KO and control male (n=3) and female (n=2) mice on a chow (n=5) and HFD. 
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B) Quantification of the Mfn2 WB densitometry. Values are expressed relative to Mfn2 protein 
level under chow diet. Please notice the significant reduction in Mfn2 protein level in male HFD mice 
(P<0.02; T-test) and a trend towards reduction in female HFD mice (P=0.0544; T-test) 
C and D) Quantification of the oxygen consumption rates and energy states in isolated 
mitochondria form BAT of the control mice under chow and HFD for both pyruvate/ malate (C) and 
Succinate/ Rotenone (D) substrates. Please notice a trend towards higher respiration for both 
complex I and II driven respiration in HFD mitochondria as compared to the chow diet, also please 
notice that this difference is statistically significant for state2 (P<0.02;T-test, n=5-8) and state3 
(P<0.01; T-test, n=5-8) respiration induced by complex II. 
E) Quantification and comparison of the oxygen consumption rates and energy states in 
isolated mitochondria form BAT of the control and BAT-Mfn2-KO mice under chow and HFD for 
pyruvate/ malate substrates. Please notice a trend towards higher respiration for complex I driven 
respiration in HFD mitochondria as compared to the chow diet in both control and BAT-Mfn2-KO 
mice, also please notice that Mfn2 KO mitochondria (n=4-7; T-test) displays higher rate of 
respiration for all the states in the chow diet as compared with the control mitochondria (n=5-8; T-
test) under chow diet. 
F) Quantification and comparison of the oxygen consumption rates and energy states in 
isolated mitochondria form BAT of the control and BAT-Mfn2-KO mice under chow and HFD for 
succinate/ rotenone substrates. Please notice a significant higher respiration for complex II driven 
respiration in HFD mitochondria as compared to the chow diet in control mice (P<0.02; T-test, n=5-
8) and a trend towards higher reparation in BAT-Mfn2-KO mitochondria (n=4-7; T-test) under 
HFD, also please notice that Mfn2 KO mitochondria displays higher rate of respiration for all the 
states in the chow diet as compared with the control mitochondria under chow diet, and that remove 
the significance of difference between chow and HFD respiration rates in Mfn2 KO mitochondria. 
Single asterisk indicate a statistically significant difference. T-student statistical tests were used when 





Figure 3.5. Mfn2 ablation in BAT increases mitochondrial ETC capacity and basal proton leak in 
BAT isolated mitochondria independent of UCP1, especially for complex II driven respiration and 
despite lower ETC complexes content 
A and B) Quantification of the oxygen consumption rates and energy states in isolated 
mitochondria form BAT of the control and BAT-Mfn2-KO mice under chow diet for both pyruvate/ 
malate (A) and Succinate/ Rotenone (B) substrates. Please notice a trend towards higher respiration 
for both complex I and II driven respiration in Mfn2 KO mitochondria as compared to the control. 
(n=5-7; T-test) 
C) Isolated mitochondria were obtained from BAT of control and BAT-Mfn2-KO mice under 
chow diet. Mfn2, complex I, complex II, complex III, complex IV, complex V and Tomm20 were 
measured in western blot assays by using specific antibodies. (n=5 in each group; T-test) 
 
D) Quantification of WB densitometry. Tomm20 was used as a control for protein loading. 
Values are expressed relative to Tomm20 protein level. Please notice the significant reduction in 
Complex I and III protein levels in Mfn2 KO mitochondria.(P<0.02; T-test) 
Single asterisk indicate a statistically significant difference. T-student statistical tests were used when 





Figure 3.6. Complex I and 3 protein contents are reduced significantly in BAT specific Mfn2 KO 
mitochondria 
A) Isolated mitochondria were obtained from BAT of control (n=2) and BAT-Mfn2-KO mice 
(n=2) under HFD at thermonuetrality. Mfn2, complex I, complex II, complex III, complex IV, 
complex V and Tomm20 were measured in western blot assays by using specific antibodies.  
B) Quantification of WB densitometry. Tomm20 was used as a control for protein loading. 
Values are expressed relative to Tomm20 protein level. Please notice the reduction in Complex I 





Figure 3.7. Mfn2 deficiency in BAT increases lipid accumulation and reduces UCP1 expression which 
subsequently impairs thermogenesis under severe cold stress 
A) H&E staining of the BAT sections isolated from control and BAT-Mfn2-KO male mice 
B) Quantification of the cell size (n=15-25 cells in 3-5 slides) and lipid droplet size (n=124-250 
lipid droplets in 3-5 slides) of the BAT isolated from control and BAT-Mfn2-KO mice. Values are 
expressed as arbitrary units. Please notice the significant increase in lipid droplet size of the BAT 
isolated from BAT-Mfn2-KO. (P<0.002; T-test) 
C) Mfn2, UCP1 and Tomm20 protein contents were measured using specific antibodies in BAT 
extracts from BAT-Mfn2-KO and control male mice on a chow diet. 
D) Quantification of the Tomm20 and UCP1 WB densitometry. Values for UCP1 contents are 
expressed relative to Tomm20 protein level. Please notice the significant reduction in UCP1 protein 
level in male mice. (P<0.03; T-test) 
E) Animal body temperature of control (n=7) and BAT-Mfn2-KO (n=9) 9 months old female 
mice in chow diet group. Mice were placed at 4°C. Temperatures were measured hourly for 6 h, 
using implanted microchip transponders.  Please notice that BAT-Mfn2-KO mice are significantly 
cold sensitive compared to control mice. (P<0.0001; Two-way ANOVA)  
Single asterisk indicate a statistically significant difference. T-student and two way ANOVA 





Supplementary Figure 3.1. Loss of Mfn2 in brown adipose tissue increases mitochondrial 
fragmentation in BAT  
A) Representative images of IHC tissue sections of BAT isolated from BAT-Mfn2-KO and WT 





Supplementary Figure 3.2. Mfn2 ablation in BAT does not alter body composition (fat and lean %) 
under chow and HFD at 22°C and 30°C. 
A) Quantification of the body composition of female control and BAT-Mfn2-KO mice at 8 
months old under chow diet. Data are presented as % fat and % lean of total body weight.(n=3-4; T-
test) 
B) Quantification of the body composition of female control and BAT-Mfn2-KO mice under 
HFD at 7 months old at ambient temperature (22°C). Data are presented as % fat and % lean of 
total body weight.(n=4-8; T-test) 
C) Quantification of the body composition of female control and BAT-Mfn2-KO mice at 7 
months old under HFD at thermoneutral temperature (30°C). Data are presented as % fat and % 
lean of total body weight.(n=5-6; T-test) 





Supplementary Figure 3.3. Mfn2 ablation in BAT does not alter whole body energy expenditure 
under HFD at 30°C. 
A) Multiple regression analysis of energy expenditure correlated to lean body mass in the 
control and BAT-Mfn2-KO female mice under HFD at 9 month old in light and dark cycles. (n=4-6)  





Supplementary Figure 3.4. Mfn2 ablation increases fatty acid oxidation in mitochondria isolated 
from BAT of female BAT 
A) and B) Quantification and comparison of the oxygen consumption rates and energy states in 
isolated mitochondria form BAT of the control and BAT-Mfn2-KO mice under chow (A) (n=3-4) and 
HFD (B) (n=4-6) for Palytoil carnitine/ malate substrates. Please notice a trend towards higher 
respiration in all the states in BAT-Mfn2-KO mitochondria as compared to the control mitochondria 
under both chow and HFD (P<0.04; T-test, n=5-8)  
C) Quantification and comparison of the oxygen consumption rates in isolated mitochondria 
form BAT of the control and BAT-Mfn2-KO mice under chow diet for TMPD/Ascorbate as a 
substrate. (n=1 in each goup) 





Supplementary Figure 3.5. Loss of Mfn2 in brown adipose tissue impairs thermogenesis in male and 
female mice under HFD  
A) and B) Animal body temperature of control and BAT-Mfn2-KO female mice at 9 months old in 
HFD groups both at ambient (n=8-10) and at thermoneutral (n=5-7) temparatures. Mice were placed 
at 4°C. Temperatures were measured hourly for 6 h, using implanted microchip transponders.  
Please notice that BAT-Mfn2-KO mice are significantly cold sensitive compared to control mice in 
HFD thermoneutral gorup. (P<0.0001; Two-way ANOVA)  
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 Brown adipose tissue has the highest capacity for respiration that is not coupled to 
ATP synthesis, making it suitable for thermogenesis. As such, the low levels of expression 
of ATP synthase and the low capacity of its mitochondria to produce ATP fit with its 
thermogenic function. However, this poses a paradox as the process of triglyceride 
synthesis, essential for lipid droplet formation, is ATP demanding. It remains unclear what 
mechanism provides ATP for the relatively high energy demanding process of triglyceride 
synthesis. In this study we show that a subpopulation of mitochondria surrounding the lipid 
droplet in the brown adipocytes (BA) have higher ATP synthesis capacity, supported by 
distinctive biogenesis and dynamics. Respiratory assay showed that peri-droplet 
mitochondria (PDM) had higher oxidative phosphorylation and higher maximal capacity 
of respiration compared to cytosolic mitochondria (CM). Immunofluorescent experiment 
of ATP synthase exhibited that ATP synthase in the brown adipocyte is concentrated in 
PDM. Supporting their higher oxidative capacity, PDM also have higher mitochondrial 
membrane potential and higher NADH content.  
 The heterogeneous expression of proteins between the two populations of 
mitochondria suggested that the two populations have few interactions through fusion 
events. Our imaging results also revealed that PDM in BA differs in their morphology and 
dynamics features from CM. PDM are more elongated and have lower fusion activity than 
CM. Interestingly, the heterogeneity in membrane potential could be manipulated by 
alteration in mitochondrial dynamic protein expression or hormonal stimulation. 
Furthermore, rate of protein import is higher in PDM as revealed by Mito-Timer 
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fluorescence analysis. Ratiometric analysis of the MitoTimer probe showed that PDM have 




 Brown adipocytes (BA) have a unique capacity to uncouple respiration from ADP 
phosphorylation when it is adrenergically activated. This process is mediated by 
uncoupling protein 1 (UCP1) specifically located within the inner mitochondrial membrane 
of BA. Activation of UCP1 de-energizes mitochondria, reducing the proton motif force 
required for ATP synthesis. While ATP production is mostly bypassed in BAT during 
thermogenesis, ATP is required for the activation of fatty acids during uncoupling as well 
as during post uncoupling metabolic process. Although some of the required ATP is 
provided by increasing glycolysis (Cooney and Newsholme 1982), mitochondrial glucose 
oxidation and TCA cycle also has been shown to be critical for maintaining ATP levels 
during thermogenesis (Williamson 1970). In fact, the proteomic profile of BA 
mitochondria as compared with white adipocyte (WA) mitochondria revealed an 
augmentation of catabolic pathways including TCA cycle and β oxidation pathway in BA 
mitochondria (Forner, Kumar et al. 2009). High energy demand imposed by fatty acid 
activation in BA during and post thermogenic states for TG synthesis requires a careful 
regulation of total amount of ATP as well as proper levels of functional ATP synthase 
complex in such a way that meet the required energy demand.  
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 In brown adipose tissue (BAT), the amount of the ATP synthase is essentially low 
relative to other respiratory chain components (Lindberg, de Pierre et al. 1967, Cannon and 
Vogel 1977). Proteomic comparison of white adipose tissue (WAT) versus BAT indicates 
that in BAT, complexes I–IV are present at higher levels, whereas complex V is present at 
lower levels, this is suitable for its thermogenic mission (Forner, Kumar et al. 2009). In 
mammals, the ATP synthase complex contains 16 different nuclear or mitochondrial 
encoded subunits forming two structurally and functionally distinct oligomers, the F1 
oligomer which extends into the mitochondrial matrix where ATP synthesis takes place 
(Walker, Fearnley et al. 1985, Abrahams, Leslie et al. 1994) and the Fo oligomer which is 
bound to the inner membrane and transports protons from inner membrane back to the 
mitochondrial matrix (Walker, Lutter et al. 1991, Collinson, Runswick et al. 1994, 
Collinson, van Raaij et al. 1994, Carbajo, Kellas et al. 2005). Among all the F1F0-ATP 
synthase subunits, expression of P1 isoform of the c-Fo subunit seems to determine final 
levels of F1Fo-ATP synthase in BA (Kramarova, Shabalina et al. 2008).   
 The remaining question is how a BA coordinates its mitochondria to do both 
uncoupling and TG synthesis with low ATP synthase level. Mitochondria can divide their 
distinct functions, either by different timing or by allocating diverse functions to separate 
populations. The idea of switching from being fully uncoupled to an ATP synthesizing 
mitochondria is not supported by previous evidence demonstrating low ATP synthase 
protein content of BA mitochondria in general. In addition, previous studies have 
demonstrated the existence of subpopulation of mitochondria in BAT. Therefore, we 
hypothesized that there is a functionally distinct subpopulation of mitochondria in BA 
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which is specialized for ATP synthesis whereas, other mitochondria uncouple their 
respiration to generate heat.  
The aim of this study was to characterize a subpopulation of mitochondria in BA that has 
a tighter coupled respiration and generates ATP when thermogenesis is not required. 
Additionally, we investigated how these two populations of mitochondria stay distinct in a 
BA and keep their diverse protein content intact.  
 
Results 
Peri-Droplet Mitochondria Show Higher Capacity for Coupled Respiration 
 Previous studies have shown the existence of BAT mitochondrial subpopulations 
with different distribution of UCP1 level and turnover in response to thermogenic and 
metabolic signals. In order to investigate the heterogeneous capacity of mitochondrial ATP 
synthesis in BA and since the level of coupling and ATP synthesis in BA may be influenced 
by the levels of ATP synthase, we first tested the ATP synthase expression and distribution 
in BA. We performed immunofluorescent (IF) staining of ATP synthase (complex V) 
subunit alpha on primary differentiated mouse BA in culture in vitro. Super-resolution and 
confocal microscopy indicated that ATP synthase in the BA preferably located on PDM as 
compared with CM (Fig. 4.1A and B). To examine whether this finding is accompanied by 
higher oxidative phosphorylation capacity of these mitochondria, we isolated two 
subpopulations of mitochondria from different fractions of BAT homogenate, as described 
in the methods, and examined their respiratory capacities. Respirometry analysis indicated 
that PDM had higher oxidative phosphorylation as well as higher maximal respiratory 
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capacity as compared to CM for both complex I and complex II driven respiration (Fig. 
4.1C and D). 
 
Membrane potential and NADH differentiate Peri-droplets mitochondria from 
cytoplasmic mitochondria in the brown adipocyte but not in other lipid-droplet 
containing cells 
 We further investigated the bioenergetics characteristics of BA mitochondrial 
subpopulations by measuring mitochondrial membrane potential (∆Ψ) and NADH content 
at the subcellular level. Confocal microscopy of in vitro differentiated brown adipocytes 
harvested from wild-type C57BL6/J mice identified mitochondria surrounding the lipid 
droplets that had higher mitochondrial membrane potential (Fig. 4.2A and C) and higher 
NADH content (Fig. 4.2B and D), supporting their higher oxidative capacity. By 
comparison, in hepatocyte, MMP was comparable between PDM and CM (Fig. 4.2A and 
D).  To quantitate these differences, each droplet was taken as a single region of interest 
(ROI) (with ~2 µm diameter). We measured the average ratio FI around an individual 
droplet then, the difference from the FI ratio of the entire cell (∆Ψ c) was calculated to 
define the relative mitochondrial membrane potential of a single droplet (∆Ψ d). The 
fraction of depolarized PDM (positive ∆Ψ values) was found to be significantly higher in 
hepatocytes than BA. 
 
Mitochondrial Dynamics Regulate ∆Ψ Heterogeneity in BA 
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 Considering the recent evidence supporting the role of mitochondrial dynamics in 
regulating energy expenditure and particularly uncoupled respiration in BA and other cell 
types (Liesa and Shirihai 2013, Wikstrom, Mahdaviani et al. 2014), we examined ∆Ψ of 
the two subpopulations of mitochondria in BA under forced fused or fragmented 
conditions.  Interestingly, the heterogeneity in membrane potential was found to be 
influenced by mitochondrial dynamic proteins expression. Mitochondrial fusion rate was 
reduced by knocking down the pro‐fusion protein Mitofusin 2 (Mfn2) using transduction 
of adenovirus encoding for 5 different microRNAs against Mfn2 or scrambled at the UTR 
of GFP. Mfn2 knock‐down (KD) in BA significantly increased the fraction of depolarized 
PDM as compared to the control indicating ∆Ψ reduction of the hyperpolarized PDM. In 
contrast, Drp1 dominant-negative (DN) overexpression which results in hyper fusion of 
mitochondria and enhances mitochondrial elongation did not lead to significant changes in 
the number of depolarized PDM compared to the control (Fig. 4.2A and C). Although our 
data indicates that PDM are more associated with coupled respiration and ATP synthesis 
as compared to cytosolic fraction of mitochondria, PDM are enabled to activate uncoupled 
respiration under adrenergic stimulation. Addition of 1 µM NE to in vitro differentiated 
BA resulted in (∆Ψ) depolarization and loss of NADH in all the BA mitochondria including 
PDM (Data is not shown). 
 
Peri-Droplet Mitochondria have Elongated Morphology and Reduced Dynamics 
 To address the hypothesis that local changes to mitochondrial dynamics at 
subcellular levels is associated with generating sub-populations of mitochondria with 
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specialized functions, we investigated the differences in mitochondrial morphology and 
dynamics features between the two mitochondrial subpopulations. We studied single 
mitochondrial morphology using photo-activation technique (Twig, Graf et al. 2006). 
Summary of single mitochondrial length identified that PDM in BA are more elongated as 
compared to CM (average length of PDM and CM are 4.9 and 3.2µm respectively) (Fig. 
4.3A and B). These data is revealed by a total of 158 photo-activation or high-laser intensity 
pulses to PDM (n=98; those that are found with submicron proximity to the droplet) and 
to CM (n=60; those that are found at least 5 µm away from the vicinity of a lipid droplet) 
in BA cell culture. In accord with the ∆Ψ and respiratory data, elongated form of PDM is 
more commonly associated with coupled respiration. 
 Since mitochondrial composition has been shown in other cells to be equilibrated 
and homogenized by continuous mitochondrial fusion and fission, we next measured the 
levels of fusion and equilibration across the mitochondrial population in the BA. Following 
photo-conversion of matrix-targeted PA-GFPmt in fusion assay, the fluorescent intensity 
of PA-GFP in the matrix of PDM remained ~10% higher, 65 min after photo activation in 
PDM, indicating lower fusion activity (Fig. 4.3C). These data demonstrate that PDM do 
not equilibrate their content with the rest of the mitochondrial population. We next 
examined single fusion and fission events in individually labeled mitochondria of BA to 
measure mitochondrial motility and to calculate rate of single fusion event. Analysis of 15 
fusion events out of 35 single track of mitochondria (17 cytoplasmatic, 18 peri-droplets) in 
cumulative time of ~10 hr revealed that PDM get engaged in lower number of fusion events 
in a longer time period (7 fusion events out of 18 in 348 min) as compared to the CM (8 
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fusion events out of 17 in 239 min) and therefore they have a lower rate of fusion (event/hr). 
Furthermore, PDM population have lower fraction of motile mitochondria (4 out of 18) 
and lower speed (µm/min) of movement compared to the CM (Fig. 4.3D and E). 
 
Peri-Droplet and Cytoplasmatic Mitochondria have Comparable Rates of Protein 
Turnover but Different Rates of Protein Import 
 Alterations in mitochondrial dynamics influence mitochondrial protein turnover.  
Cells lacking essential fusion proteins display increased heterogeneity in mitochondrial 
protein age (Ferree, Trudeau et al. 2013). To investigate whether lower rate of fusion 
activity in PDM resulted in diverse mitochondrial protein turnover in two mitochondrial 
subpopulations we used a matrix mito-timer probe. MitoTimer probe represents a novel 
tool to study mitochondrial turnover at cellular and subcellular levels by age-dependent 
shift in fluorescence intensity as a read-out of turnover. Mitochondrial age is revealed by 
the integrated portions of young (green) and old (red) mitoTimer fluorescent intensity. 
Ratiometric analysis of mitoTimer probe showed that PDM have similar rate of protein 
turnover compared to CM (Fig. 4.4A and B). However, PDM displayed relatively higher 
protein imports and protein content than CM characterized by higher total intensity of both 
green and red fluorescent proteins (Fig. 4.4A and C). This experiment is only done once 





 In this study we show that PDM in BA represent a subpopulation of mitochondria 
with higher oxidative phosphorylation and maximal respiratory capacity as compared with 
the CM. PDM displayed unique expression of ATP synthase subunit, bioenergetics, 
architecture and dynamics that are likely maintained due to their reduced level of 
interaction with the rest of the mitochondrial population. Additionally, we provided new 
evidence that local changes to mitochondrial dynamics at subcellular levels plays a role in 
generating sub-populations of mitochondria with specialized functions. 
 Here we showed that peri-droplet mitochondria had higher mitochondrial ATP 
synthase protein level. Previous studies, investigating the bioenergetics characteristics of 
the BAT mitochondria, have shown that BAT mitochondria have low ATP synthesis 
capacity (Matthias, Jacobsson et al. 1999). Indeed mitochondria in BAT have lower 
complex V protein level in general and particularly lower subunit C expression level 
(Houstek, Tvrdik et al. 1991, Houstek, Andersson et al. 1995) as compared to other electron 
transport chain components. Additionally, low proton motif force following Ucp1 
activation, reduces the rate of mitochondrial ATP synthesis. It seems that the subpopulation 
of mitochondria investigated in previous studies were isolated from the liquid fraction of 
the BAT homogenates (Cannon and Lindberg 1979). We suppose that this fraction of 
mitochondria mostly included CM. Although we expect to have contamination of PDM in 
the liquid fraction of the homogenate to some extent, we were still able to pull down 
mitochondria from the lipid fraction of the BAT homogenate in this study, indicating that 
some of the PDM remained attached to the lipid droplets even after the first mild (800g) 
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centrifugation step. This might raise the possibility that PDM fraction of mitochondrial 
population hasn’t been investigated in the previous bioenergetics studies of BAT 
mitochondria. On the other hand, the possible cross contamination of PDM in the cytosolic 
fraction might dilute the result of our study to some extent. Other studies investigating lipid 
droplet membrane proteomics have also reported cross contamination of mitochondria with 
lipid droplets during isolation of lipid droplets from different cell types. Pyruvate 
carboxylase, prohibitin, and subunit β of ATP synthase were identified in the preparations 
of lipid droplet isolated from 3T3-L1 cells (Brasaemle, Dolios et al. 2004, Beller, Riedel 
et al. 2006). This indicates close association of the two organelles even after cell membrane 
breakdown. 
 This is the first time that heterogeneity is reported to exist at subcellular level in 
BAT. Additionally, in this study, we localized and established the identity of the 
subpopulations of mitochondria in BA for the first time. Our results could explain previous 
observations by other groups who showed that differential centrifugation of BAT 
mitochondria pulled out diverse populations of mitochondria which are distinct in their 
sizes and Ucp1 level and turnover in response to metabolic and hormonal stimulation 
(Bonet, Serra et al. 1995). Although all BAT mitochondrial subpopulations contain Ucp1, 
different pools of Ucp1 has been found under distinct metabolic conditions (Puigserver, 
Gianotti et al. 1992, Puigserver, Herron et al. 1992, Puigserver, Palou et al. 1992, Bonet, 
Serra et al. 1995), or cold stimulation (Moreno, Puigserver et al. 1994, Gianotti, Clapes et 
al. 1998). Cold exposure has been shown to influence these three mitochondrial fractions 
differently, with a more remarkable effect on the light fraction (Goglia, Liverini et al. 1986, 
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Goglia, Liverini et al. 1988). It has been reported that diverse subtypes of mitochondria 
show different dynamics in the appearance of the newly expressed Ucp1 in response to 
adrenergic stimulation. This process begins with the lightest fractions, and continues to the 
heaviest ones (Gianotti, Clapes et al. 1998). In addition, the pattern observed is the same 
for what happens after removal of adrenergic stimulation where the loss of Ucpl is also 
observed in the lightest mitochondrial fraction after NE removal (Bonet, Serra et al. 1995, 
Gianotti, Clapes et al. 1998).  Therefore, the medium and light fractions are relatively 
uncoupled, while the heavy fraction has been reported to be fairly stable in terms of UCP1 
content and acts in a fully coupled way, synthesizing ATP (Goglia, Liverini et al. 1986, 
Goglia, Liverini et al. 1988, Gianotti, Clapes et al. 1998). Previous findings on the heavy 
fraction of mitochondria are in line with our findings on PDM which contains higher level 
of proteins and seems to be more elongated and associated mostly with coupled respiration. 
 In addition to higher oxidative phosphorylation capacity, PDM displayed elongated 
morphology compared to CM.  Recent evidence suggested a correlation between elongated 
morphology of mitochondrial architecture with higher mitochondrial efficiency and 
coupled respiration (Liesa and Shirihai 2013). Additionally, forced mitochondrial 
fragmentation by Mfn2 KD displayed reduced heterogeneity in ∆Ψ. Therefore, it appears 
that elongated morphology of PDM is functionally required for maintaining this 
subpopulation of mitochondria. Moreover, PDM do not equilibrate their content with the 
rest of the mitochondrial population. Lower rate of fusion activity in PDM might be the 
underlying mechanism to keep peri-droplet mitochondrial exclusive protein composition 
intact. Mitochondrial fusion is known to serve as a mechanism to equilibrate and exchange 
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proteins and other materials in between mitochondria in the mitochondrial life cycle. Thus, 
peri-droplet mitochondrial protein composition remains intact, by reduction in the rate of 
mitochondrial fusion and interaction with the rest of mitochondria, in order to support its 
unique function. The role of mitochondria and LDs physical interactions in reducing the 
rate of fusion and formation of elongated morphology remains to be investigated. 
 Lower rate of mitochondrial fusion in highly active PDM mitochondria may 
increase the risk of accumulation of damaged proteins. This may require PDM to increase 
the rate of their protein turnover in order to replace damaged proteins and components with 
newly synthesized ones, however; it appears that PDM display similar rate of turnover as 
CM. What determines the rates of mitochondrial turnover is the balance between import of 
newly synthesized proteins and degradation of aged material. In this regard, PDM acquire 
higher rate of protein import as revealed by higher content of both newly synthesized 
proteins as well as a higher level of aged proteins. Higher rate of protein import may serve 
as an underlying mechanism to compensate for the lower rate of dynamics in PDM and 
may provide new components required for their function. 
 Our results indicate that the extent of heterogeneity in mitochondrial membrane 
potential is reduced in the Mfn2 KD BA. The Mfn2 protein has been identified previously 
in the lipid droplet fraction along with some other mitochondrial proteins from the 
mitochondrial inner membrane and mitochondrial matrix (Pidoux, Witczak et al. 2011). 
These mitochondrial contaminations observed in the lipid droplets fraction could result 
from remnants of mitochondrial membranes from broken mitochondria or possibly from 
intact mitochondria associated with lipid droplets. Although close spatial positioning of 
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LDs and mitochondria has been reported before in various cell types (Sturmey, O'Toole et 
al. 2006, Tarnopolsky, Rennie et al. 2007, Shaw, Jones et al. 2008), the components of the 
lipid droplet and mitochondrial association as well as underlying molecular mechanisms 
remain largely unknown. In this regard, roles for microtubules (Valetti, Wetzel et al. 1999, 
Welte, Cermelli et al. 2005), SNAP23 (Jagerstrom, Polesie et al. 2009), and perilipin 5 
(Wang, Sreenivasan et al. 2011) have been proposed. Although, PDM are a small fraction 
of mitochondria, this fraction seems to change by metabolic and genetic alterations. 
Mitochondria harvested from lipid fraction of the BAT homogenate of C57BL/6 WT mice 
were only 5% of total mitochondrial content in male mice under chow diet (data is not 
shown). This fraction was enhanced to 12% in BAT of mice exposed to HFD, while it was 
reduced to 2% when mitochondria were isolated form BAT of Mfn2 KO mice under HFD 
(data is not shown).  Our results provides further evidence suggesting the role of Mfn2 in 
mitochondria and lipid droplet association. However, further studies are required to 
elucidate the role of Mfn2 and other mitochondrial and lipid droplet proteins in physical 
interactions of these two organelles, as well as the role of this interaction in regulating lipid 
metabolism and energy expenditure. 
 Lipid droplet and mitochondrial association exists in multiple cell types. Electron 
microscopic studies of skeletal muscle showed dynamic mitochondria-lipid droplet 
structures (Tarnopolsky, Rennie et al. 2007), which changes in response to cellular energy 
demands (Shaw, Jones et al. 2008). White adipose tissue (WAT) mitochondria are also 
heterogeneous in their morphology. Three distinct populations of mitochondria were found 
in WAT, similar to what we observed in BAT. Small size and round mitochondria were 
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located close to nucleus, elongated mitochondria (up to ∼0.7 μm in length) were located 
along the adipocyte cell membrane, and long mitochondria (3 μm and above) were 
associated with lipid droplets. This heterogeneity in mitochondrial morphology was altered 
by HFD, when mitochondria in adipose tissue from HFD-fed mice appeared to be 
fragmented (Cummins, Holden et al. 2014). We have also reported previously that in BAT 
isolated from cold exposed mice mitochondria are fragmented (Wikstrom, Mahdaviani et 
al. 2014). Our EM images indicated that all subpopulations of mitochondria are fragmented 
in response to cold and this fragmentation indeed results in dissociation of PDM from LDs 
(Data are not shown). The fact that presence of lipid droplets in the cell is accompanied by 
their associations with elongated mitochondria in different cell types, and the dynamic 
nature of this association in diverse metabolic states (TG synthesis vs Lipolysis), raises 
questions  regarding the rise and role of PDM particularly in respect to lipid metabolism. 
Further study is required to understand the mechanism of the formation of this 
heterogeneity, and to answer whether this mitochondrial heterogeneity also exists in 
preadipocyte. Moreover, investigating mitochondrial heterogeneity and its remodeling 
over metabolic and hormonal stimulations at subcellular levels, could provide a further 
information regarding FFA metabolism which could potentially lead to novel molecular 
targets to modulate FFA metabolism and mitochondrial functions under undesirable 
metabolic situations.   
 This study provides further evidence that changes in mitochondrial dynamics, even 
at subcellular levels are correlated with mitochondrial bioenergetic efficiency.  Recently, 
it has been shown that the cristae of adjacent mitochondria form parallel arrays at the 
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associated junctions (Picard, McManus et al. 2015). The inter-mitochondrial junctions 
(IMJs) and associated cristae arrays were suggested to provide the structural basis to 
enhance the distribution of intracellular bioenergetic and apoptotic signals through 
mitochondrial networks within cells. Here, our EM images of BAT also indicate that cristae 
of PDM form similar arrays suggesting the existence of inter-mitochondrial junctions 
(supplementary figure). Interestingly, mitochondrial IMJs have been shown to be 
dynamically modulated. It was reported that mitochondrial IMJs are increased by 1–2 fold 
during enhanced cellular energy demand in mouse skeletal muscle. In contrast, reducing 
cellular energy demand tends to decrease IMJ abundance. Thus, IMJs are dynamic 
structures whose abundance and function are regulated by mitochondrial energy state. 
Indeed, the presence of IMJs in PDM is in line with their higher oxidative phosphorylation 
capacity. Although, lack of mitochondrial fusion proteins (Mfn1 KO and/or Mfn2 KO), did 
not affect IMJs and cristae alignment formation in mice cardiomyocytes, this effect needs 
to be investigated in BA. 
 Collectively, this study demonstrated that PDM represent a sub-population of 
mitochondria with unique protein composition, architecture and activity. Unique 
architecture and composition of PDM   is likely maintained due to their reduced level of 
interaction with the rest of the mitochondrial population. More study is required to fully 
understand the mitochondria and lipid droplet interaction in BAT and other lipid containing 
cells as well as the mechanism that this interaction result in changes in fatty acid 




Material and Methods 
Experimental Animals 
 BAT was harvested from 3 to 4-week-old wild-type male C57BL6/J mice (Jackson 
lab, Bar Harbor, ME). Animals were fed standard chow (mouse diet 9F, PMI Nutrition 
International, Brentwood, MO) and maintained under controlled conditions (19–22 °C and 
a 14:10 h light-dark cycle) until death by CO2 asphyxiation. All procedures were performed 
in accordance with the Boston University Institutional Guidelines for Animal Care 
(IACUC) in compliance with U.S. Public Health Service Regulation. 
 
Cell Culture 
 Mouse BA were isolated and cultured as previously described in detail (Cannon 
and Nedergaard 2001). In brief, preadipocytes isolated from BAT from three 3-weeks old 
C57BL6/J male mice were resuspended in 6 ml of culture medium after BAT collagenase 
digestion and washing steps. For microscopy, 200 µl were seeded in the center of 35 mm 
glass bottom plates (MatTek, Ashland, MD), allowing cell attachment for 45 min and 
thereafter addition of 1.8 ml of medium consisting of DMEM supplemented with 10% 
newborn calf serum, 60 nM insulin, 10 mM HEPES, 4 mM glutamine, 50 IU of penicillin, 
50 μg streptomycin, 25 μg sodium ascorbate/mL and 1μM rosiglitazone. The medium was 
replaced the day after seeding and every second day until preadipocytes had differentiated 
into brown adipocytes (7 days of culture). Rosiglitazone (Toronto research chemicals, 




Mitochondrial Subpopulations Isolation 
 We separated two subpopulations by isolating mitochondria from two distinct 
fractions of BAT homogenate from C57BL6/J mice. PDM were isolated from the lipid 
fraction of the homogenate after we spin down the nucleus and tissue remnant by 
centrifuging at 2100 rpm for 10 min, while the CM were isolated from the middle liquid 
fraction on top of nucleus and tissue remnant precipitate. Isolation buffer (SHE buffer) 
contains 250 mM Sucrose, 5mM HEPES, 2 mM EGTA, BSA 2%. (PH=7.2) Rinse and 
mince the isolated BAT in cold PBS. Transfer the pieces in the glass dounce homogenizer 
with SHE+BSA buffer. Apply 9-10 strokes with tefflon pestle. Transfer the homogenate to 
a pre chilled 50 ml Falcon tube and centrifuge at 2100 rpm for 10 min. Take the supernatant 
and repeat the centrifugation in a clean falcon tube. Take the supernatant and centrifuge at 
9000 rcf for 10 min. Re suspend the pallet in fresh SHE+BSA and repeat the centrifugation 
one more times. Then re suspend the pallet in a SHE buffer with no BSA and centrifuge 
again to wash the BSA. Measure protein concentration using BCA technique. 
 
Mitochondrial Respiration 
 Load 4ug of protein per well for pyruvate+Malate and 2ug of protein for 
succinate+rotenone in 25 ul of MAS media with the substrate per XF-96 well. Centrifuge 
the plate at 4°C, 5 min at 3400 rpm. Carefully add 110 ul of MAS with substrate per well, 
on top of 25 ul centrifuged. Warm the plate at 37°C for 4 min and load the palate. MAS 
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buffer contains 100mM KCL, 10mM KH2PO4, 2mM MgCL2, 5mM HEPES, 1mM 
EGTA, 0.1% BSA and 1mM GDP (PH=7.2). Pyruvate is used at 5mM, malate at 5mM, 
succinate at 5mM and rotenone at 2uM. ADP was injected at port A (3.5mM), Oligomycin 
A at port B (3.5uM), FCCP at port C (4uM) and Antimycin A at port D (4uM). 
 
Viruses 
 Lentiviral particles (for mtDsRed and mtPAGFP transduction) were generated by 
transient transfection of 293T cells using fugene6 (Roche, Nutley, NJ) according to 
manufacturer’s instructions and the three-plasmid system according to Tronolab’s 
protocols. This system is comprised of the packaging plasmid pCMV-AdR8.91, the 
envelope coding plasmid pMD2.G and the transfer vector plasmid pLVCTH. Adenoviral 
particles for Drp1 DN expression was generated using the AdenoEasy system as described 
before. mtPAGFP adenovirus were used as transduction control (Molina and Shirihai 
2009). For Mfn2 knock down as transduction control, we used Ad-miRCt (encoding for 
control miRNA) and Ad-miR2 encoding for 5 miRNAs against MFN2. miRNAs were 
generated with the Block-it Pol II system from Invitrogen using the expression vector 
pcDNA 6.2 Gw/EmGFP/miR, which allows the cloning of several miRNAs in tandem and 
contains a GFP expression cassette. miRNAs were cloned by recombination into the 
pAdeno-CMV-V5 adenoviral vector (Invitrogen) by using the Gateway system (Sebastian, 
Hernandez-Alvarez et al. 2012). Adenoviruses were generated by transfection of the 
linearized adenoviral expression vectors in a human embryonic kidney cell line (HEK293). 
The adenoviruses generated were then amplified in HEK 293 cells, titrated with the Adeno-
  
144 
X Rapid Titer kit (Clontech), and used directly for cell transduction. Mito-timer lenti virus 
was used to induce mito-timer protein overexpression in brown adipocytes. Fluorescent 
Timer was targeted to the mitochondrial matrix via mitochondrial targeting sequence of 
COX8a. Mito timer transcription was controlled by doxycycline-inducible promoter 
(Ferree, Trudeau et al. 2013). 
 
Fluorescent Dyes 
 Mitotracker Green (MTG) was used at 200 nM for 90 min followed by wash-out 
before imaging. Tetramethylrhodamine-ethyl-ester-perchlorate (TMRE) was loaded at 30 
nM and present during imaging. All dyes were from Invitrogen. 
 
Immunohistochemistry 
 After fixation with 4% paraformaldehyde in PBS for 15 min, cells were 
permeabilized with 0.2% Triton X (Sigma) for 10 min and thereafter unspecific binding 
sites were blocked using PBS with 1% BSA (Calbiochem, La Jolla, CA). ATP synthase α 
subunit primary was used in a dilution of 1:100 and incubated for 60 min.  Alexa 488 
(Invitrogen) was used as secondary antibody at 1:500 and incubated for 60 min. Perilipin 
A primary antibody was diluted at the concentration of 1:200 and incubated for 1h. Alexa 





 Zeiss LSM 710 confocal microscope was used for the imaging experiments. 488 
nm laser was used to excite MTG, activated mtPAGFP and Alexa 488, while 543 nm laser 
was used for detection of  TMRE and Alexa 568 A 63x objective was used for all imaging. 
Photoconversion of mtPAGFP to its active (fluorescent) form was achieved by using 2-
photon laser (750 nm) to give a 375 nm photon-equivalence at the focal plane. This allowed 
for selective activation of mitochondrial regions that have submicron thickness and are less 
than 0.5 μm2 (Twig, Graf et al. 2006). NADH imaging was performed using (730 nm) 2-
photon laser at Zeiss LSM710 microscope. 
 
Electron Microscopy 
 IBAT from mouse acclimated to 28°C for 2-4 weeks and iBAT from mouse 
acclimated to 6°C for 1-5 days were harvested. Small tissue fragments fixed in buffered 
4% formaldehyde overnight at 4°C were embedded in epoxy resin and selected areas were 
sectioned for electron microscopy observation. Small fragments of tissue were treated for 
maceration procedure (Riva, Loffredo et al. 1999) and studied in a ZEISS Supra40 HR 
SEM. 
Image Analysis:  
 10 images for each experimental group were acquired by the TEM digital camera 
at 6,200 and 7,100 magnifications. For each image, all the whole mitochondria were 
profiled by LUCIA (laboratory Universal Computer Image Analysis) to obtain the mean 
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mitochondria area (in µm2). The image analysis software was calibrated using cross ruled 
gratings of known distance (0,463 µm). 
 
Mitochondrial Membrane Potential Measurements 
 Δψm was measured by quantifying the average fluorescence intensity of BA stained 
with the combination of MTG and TMRE before and after stimulation, as previously 
described in detail (Wikstrom, Katzman et al. 2007). In addition, BA showing Δψm 
depolarization was determined by visual inspection and defined as by the loss (≥30% 
reduction) of TMRE staining after stimulation. 
 
Image Analysis 
 Metamorph image analysis software (Molecular Devices, Sunnyvale, CA) and 
Image J was used to analyze all images for fluorescence intensities that were in turn further 
processed in Excel software. Image contrast and intensities were not adjusted in images 
used for quantifications (MTG/TMRE for Δψm and fraction of depolarized cells, mtPAGFP 
intensity, and mitochondrial morphology). Quantification of mitochondrial morphology 
was performed by visual inspection and cells were divided into three groups exhibiting 
tubular, fragmented or hyperfused mitochondria. 
 Data are given as means ± SE. Two-tailed, unpaired, or paired Student’s tests were 
used to compare data sets. P <0.05 was considered significant. For smaller sample size two 




Figure 4.1. Peri-droplet mitochondria has higher ATP synthase protein and show higher capacity for 
coupled respiration.  
A) Super resolution image of BA immune fluorescent staining of Perilipin A (Red) and ATP 
synthase subunit alpha (Green), please note higher localization of ATP synthase around the lipid 
droplets.  
B) Quantification of ATP synthase fluorescent intensity in the area around the lipid droplet and 
in cytosol (14 BA were quantified in n=1 experiment).  
C) and D) Quantification of mitochondrial respiration, for state 2, state 3 (ADP=3.5 mM), state 
4 (Oligomycin= 3.5 µm) and maximal capacity (FCCP= 4 µm) for pyruvate (5mM) and malate 
(5mM) as well as succinate (5mM) and rotenone (2uM) substrates. Please note higher OCR values of 






Figure 4.2. Membrane potential and NADH differentiate Peri-droplets mitochondria from 
cytoplasmic mitochondria in the brown adipocyte but not in other lipid-droplet containing cells. This 
heterogeneity can be manipulated by protein expression and by hormonal stimulation. 
A) TMRE to MitoTracker green (MTG) ratio pseudo-color images of hepatocytes, WT BA, 
Mfn2 Knock down (KD) BA and Drp1 dominant-negative (DN) BA are shown with the bright field of 
lipid droplet distribution. Please note that in WT BA, peri-droplet mitochondria were more 
hyperpolarized (within the yellow to red range) compared to mitochondria found in areas free of 
lipid droplets (within blue- to yellow range) and this heterogeneity can be manipulated by changes in 
mitochondrial dynamic proteins. In hepatocytes, no differences were seen between peridroplet and 
cytoplasmatic mitochondria. 
B) NADH auto fluorescent of WT BA, please note that fluorescent intensity of NADH is higher 
in area around the lipid droplets (defined by dashed lines) as compare to the area with no lipid 
droplet.  
C) Quantification of the fraction of depolarized peridroplet mitochondria in hepatocytes, WT 
BA, Mfn2 KD BA and Drp1-DN BA (480 peridroplet mitochondria in 27 BA and 119 peri-droplet 
mitochondria in 12 primary hepatocytes; Two-tailed Fisher's p=0.01). Knock down of Mfn2 resulted 
in significant increase in the fraction of depolarized mitochondria as compared to the control (Two-
tailed Fisher's p=0.03), but with no difference compared to hepatocytes (Two-tailed Fisher's p=0.17; 
87 peri-droplet mitochondria in 10 Mfn2 KD BA). Drp1-DN overexpression increased insignificantly 
the number of depolarized peri-droplets units compared to the control (Two-tailed Fisher's p=0.18; 
214 peridroplet mitochondria in 12 Drp1-DN BA).  
D) Quantification of the NADH fluorescent intensity in two subpopulations of mitochondria. (11 




Figure 4.3. Peri-droplet mitochondria have reduced dynamics and elongated morphology, a 
characteristic that may explain their capacity to maintain different protein composition. 
A) BA (brown adipocyte) cell stained with TetraMethylRhodamineEthyl ester perchlorate 
(TMRE) that expressed matrix-targeted photoactivatable green fluorescent protein (PA-GFPmt). 
Three consequent steps of laser photoactivation (dashed squares) revealed individual elongated 
mitochondria surrounding lipid droplets.  
B) Summary of single mitochondrial length revealed by a total of 158 photoactivation or high-
laser intensity pulses to peridroplet mitochondria (n=98; those that are found with submicron 
proximity to the droplet) and to cytoplasmatic mitochondria (n=60; those that are found at least 5 
µm away from the vicinity of a lipid droplet). (Unpaired t-test p=0.024) Mitochondrial dynamics is 
slower in peri-droplet mitochondria compared to cytoplasmatic mitochondria.  
C) Global mitochondrial dynamics assay of the entire cells exhibit different time rates for 
equilibrium depending on the area selected for photoactivation. Note that when the selected 
photoactivated area is peri-dropplet the spread on PA-GFPmt is slower.  
D) and E) Quantification of 15 fusion events out of 35 single track of mitochondria (17 






Figure 4.4. Peri-droplet mitochondria have similar rate of protein turn over but higher rate of 
protein import. 
A) BA expressing matrix‐targeted mito-timer and imaged. Note the higher fluorescent 
intensity of both green and red fluorescent proteins in mitochondria around the lipid droplet (inside 
the dashed area) as compared to the cytosolic mitochondria. 
B) Quantification of the green and red fluorescent average intensity for PDM and CM (6 cells, 
n=1 experiments). 





Supplementary Figure 4.1. EM images of BAT isolated from warm and cold acclimated mice 
TEM images of BAT isolated from warm and cold acclimated mice. Please notice the different 





CHAPTER FIVE- DISCUSSION 
Mitochondrial Dynamics is a Physiological Regulator of EEX and 
Thermogenesis in BAT 
 Adrenergic stimulation of brown adipocytes induces mitochondrial uncoupling, 
thereby increasing energy expenditure by shifting nutrient oxidation towards 
thermogenesis instead of ATP synthesis. Here, we describe that mitochondrial dynamics is 
a physiological regulator of adrenergically-induced changes in energy expenditure. The 
sympathetic neurotransmitter Norepinephrine (NE) induced complete and rapid 
mitochondrial fragmentation in BA, mediated by Drp1 phosphorylation and Opa1 
cleavage. Mitochondrial uncoupling induced by NE in brown adipocytes was reduced by 
inhibition of mitochondrial fission. Furthermore, forced mitochondrial fragmentation in 
BA in culture through Mfn2 knock down increased oxygen consumption in response to 
exogenous FFAs, indicating increase in energy expenditure in response to FFA in vitro. 
These results suggest that, in addition to its ability to stimulate lipolysis, NE induces energy 
expenditure in BA by promoting mitochondrial fragmentation.  
 Interestingly, we also found that, 30 weeks of HFD resulted in reduced BAT Mfn2 
protein levels in wild type mice and increased mitochondrial maximal respiratory 
capacities especially through complex II.  
 To determine the role of reduced Mfn2 during high nutrient state, we examined the 
effect of Mfn2 deletion on BAT mitochondria under normal nutrient exposure. Similar to 
HFD, in the absence of Mfn2, BAT mitochondrial capacity was increased for both 
Complex I- and Complex II-driven respiration despite lower complex protein levels.  
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BAT-specific Mfn2 ablation in vivo (BAT-Mfn2-KO) also protects against diet-induced 
obesity. BAT-Mfn2-KO mice that were placed on HFD gained less body weight and 
remained more glucose tolerant and insulin sensitive over 25 to 30 weeks of HFD, 
compared to controls. Although no significant difference was observed in energy 
expenditure in vivo, BAT-Mfn2-KO mice displayed lower metabolic efficiency. In 
addition, whole body metabolism and respirometry analyses revealed that BAT-Mfn2-KO 
mice showed a switch in fuel utilization from glucose to fatty acids. Mitochondria from 
BAT of BAT-Mfn2-KO mice displayed higher energy expenditure capacities indicated by 
higher maximal respiratory capacity and higher basal proton leak, especially for Complex 
II-driven substrates. 
 These data demonstrate a potential compensatory mechanism in BAT, whereby 
downregulation of Mfn2 during over-nutrition increases energy expenditure and fatty acid 
oxidation. In addition, it appears that specific Mfn2 deletion in BAT during HFD further 
increases the energy expenditure by reducing mitochondrial efficiency independent of 
UCP1 protein and is protective against diet-induced obesity.  
 Additionally, mitochondrial dynamics regulate mitochondrial bioenergetics and 
functions at subcellular level.  A subpopulation of mitochondria surrounding the lipid 
droplet in the brown adipocytes (BA) have higher ATP synthesis capacity, supported by 
distinctive biogenesis and dynamics. Peri droplet mitochondria (PDM) have higher 
oxidative phosphorylation and higher maximal respirometry capacity than cytosolic 
mitochondria (CM). Supporting their higher oxidative capacity, PDM also have higher 
mitochondrial membrane potential and higher NADH content. PDM are more elongated 
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and have lower fusion activity than CM. Interestingly, the heterogeneity in membrane 
potential can be manipulated by mitochondrial dynamic protein expression or hormonal 
stimulation.  
 
Mitochondrial Fragmentation May Serve as a Mechanism for adaptive 
Thermogenesis 
 As it is reviewed in the introduction, adaptive thermogenesis in BAT is still 
controversial. It has been shown that adaptive hermogenesis in BAT is not influenced by 
nutrient availability directly but rather by adrenergic stimulation (Bachman, Dhillon et al. 
2002, Betz, Bielohuby et al. 2012). This again emphasizes that any benefit from BAT mass 
expansion is largely dependent on the ability to stimulate the β-adrenergic receptor or 
downstream targets of this receptor. Additionally, recent evidence on UCP1 KO mice 
suggested the existence of an alternative thermogenic pathway responsible for adaptive 
thermogensis independent of UCP1. Our data in BAT-Mfn2-KO mice and its relative 
resistance to diet induced obesity suggest mitochondrial fragmentation as a novel 
mechanism responsible for adaptive thermogenesis. Further studies investigating adaptive 
thermogenesis and energy expenditure on animal models with forced mitochondrial fusion 
in BAT would help to fully address these hypotheses. Mitochondrial fragmentation in 
response to long term exposure to high nutrient and energy is not exclusive to BAT and 
has been reported in other metabolic active tissues including skeletal muscle and WAT as 
well. This systemic adaptive response can be suggested as part of the mechanism in order 
to remove excess energy and nutrients (Liesa and Shirihai 2013).  
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The permeability Transition Pore (PTP) May Serve as an Alternative 
Uncoupling Mechanism in BAT 
 Our data showed that addition of NE plus FFA resulted in a synergistic effect on 
uncoupling and respiration. This indicates that in addition to lipolysis, NE enhances the 
capacity of FFA to induce uncoupling. The identity of the post-lipolytic events that enhance 
uncoupling following mitochondrial fragmentation has not yet been identified. It was 
recently reported that OMA1 protease partially cleaves Opa1 in BAT during cold exposure 
and that Opa1 is contributing to mitochondrial FFA βoxidation in BA (Quiros, Ramsay et 
al. 2012). We also demonstrated that upon NE plus FFA stimulation, Opa1 is cleaved and 
mitochondria become swollen.  Opa1 cleavage has been shown to be required for cristae 
biogenesis and structure (Cipolat, Rudka et al. 2006, Frezza, Cipolat et al. 2006, Twig, 
Elorza et al. 2008). In addition, cristae curvature has been suggested to play an important 
role in ETC assembly and function as well as in super complexes assembly. These findings 
may suggest that possible changes in component of ETC’s spatial structure following 
alteration in cristae morphology may lead to alteration in their function, as such they 
employ as an alternative uncoupler besides UCP1 to synergistically enhance energy 
expenditure. The activation of the voltage dependent channel named the permeability 
transition pore (PTP) could be a potential target as a secondary contributor to leak 
(Bernardi and Forte 2007).  The PTP has classically been associated with cell death. 
However, studies in recent years have demonstrated that PTP can open a lower 
conductance channel, which acts as an uncoupling mechanism (Ichas and Mazat 1998, 
Yehuda-Shnaidman, Kalderon et al. 2010). Recent publications identify the molecular 
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entity responsible for the PTP as a conformational change in ATP synthase (complex V) 
(Giorgio, von Stockum et al. 2013). While PTP may be redundant to UCP1 in fully mature 
BA, this mechanism is likely to contribute a significant level of uncoupling in Brite and 
Beige adipocytes, which express lower UCP1 levels. In this regard, a PTP-dependent 
increase in uncoupled respiration was reported in adrenergically-stimulated white 
adipocytes lacking UCP1 expression (Yehuda-Shnaidman, Buehrer et al. 2010). This PTP 
activation did not lead to cell death and was decreased in obese subjects (Yehuda-
Shnaidman, Buehrer et al. 2010). Our unpublished data also support the role of PTP in 
adrenergic stimulation of BAT. 
 
Glycerol-3-Phosphate Cycling or Creatine Kinase may be the Underling 
Mechanism for Enhanced EEX in the Absence of Mfn2 
 The mechanism by which enhanced mitochondrial fragmentation induced by the 
lack of Mfn2 increases energy expenditure is still a matter of question. This mechanism 
might be different than the mechanism underlying the NE induced mitochondrial 
fragmentation. Since Mfn2 deficiency led to UCP1 down regulation and impaired 
thermogenesis under severe cold stress, an alternative pathway independent of UCP1, 
should be responsible for the obesity resistance phenotype of BAT-Mfn2-KO mice. Other 
known potential mechanisms to enhance EEX in BA are through glycerol-3-phosphate 
cycling or through mitochondrial creatine kinase activity (Kazak, Chouchani et al. 2015). 
Glycerol-3-phosphate dehydrogenase (G3PDH) has been shown to be highly expressed in 
BAT, (Ratner, Fisher et al. 1981) and it regulates the balance between FFA oxidation and 
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lipid synthesis. It has been also shown to protect against high intracellular FFA 
concentration by regulating lipid synthesis through regeneration of G-3-P from 
mitochondrial oxidation product (Dihydroxyaceton phosphate). When UCP1 is ablated, 
G3PDH upregulation in WAT has been shown to be responsible for compensatory 
thermogenic response to cold. However, inactivation of both thermogenic pathways, 
UCP1and G-3-P cycle, showed an increase EEX and resistance against diet induced 
obesity.   Interestingly, the resistance of the double KO mice to diet induced obesity 
depends on a prior cold acclimation, indicating the activation of an alternative 
thermogenesis mechanism which is stimulated by cold exposure (Anunciado-Koza, 
Ukropec et al. 2008) Cold exposure has been shown also to stimulate mitochondrial 
creatine kinase activity and induces coordinated expression of genes associated with 
creatine metabolism besides induction of mitochondrial fragmentation. Creatine 
metabolism is a signature of beige fat mitochondria and due to the functional coupling of 
mitochondrial creatine kinase (CK) to oxidative phosphorylation through the ATP/ADP 
carrier (AAC) (Jacobus and Lehninger 1973, Wyss and Kaddurah-Daouk 2000), it was 
proposed that creatine could dissipate the mitochondrial ATP pool and drive ADP-
dependent respiration in beige-fat mitochondria (Kazak, Chouchani et al. 2015). How 
mitochondrial fragmentation and lack of Mfn2 would influence the activation of G3P 
cycling or CK activity is still an open question. We hypothesis that G3PDH and CK activity 
are upregulated in mitochondrial fragmentation induced by the lack of Mfn2 in BAT, and 
thereby enhance EEX. Activation of G3PDH may also be the underlying mechanism to 




Paradox in Mitochondrial Morphology and Enhanced FFA Oxidation under 
Starvation versus HFD 
 We have demonstrated both in vitro and in vivo that mitochondrial fragmentation 
induced by the lack of Mfn2 enhances FFA oxidation. The mechanism by which 
mitochondrial fragmentation or the lack of Mfn2 facilitates FFA oxidation is not known 
yet. We have shown that isolated Mfn2 deficient mitochondria has higher complex II 
driven respiration, suggesting that there is higher capacity for FFA oxidation. Similar 
adaptation also happens in mitochondrial respiration in response to HFD, and this 
adaptation is accompanied by downregulation of Mfn2. Moreover, Mfn2 deficient 
mitochondria demonstrated higher state 3 and 4 respiration in response to palmitoyl-CoA, 
indicating that β-oxidation is enhanced independent of CPT1. However, we haven’t 
examined the effect of mitochondrial fragmentation induced by Mfn2 deficiency on FFA 
entry in to the mitochondria. On the other hands, Dr. Schwartz and her colleagues have 
shown that under starvation cytoplasmic lipases transfer FFA into mitochondria, and this 
process requires mitochondrial fusion machinery particularly Opa1 and Mfn1 proteins 
(Rambold, Cohen et al. 2015). They showed that inhibition of mitochondrial fusion in 
starved cells, prevented FFAs distribution within mitochondria. Indeed mitochondrial 
morphology has been shown to be regulated inversely in the two opposite metabolic 
situations, in starvation versus under HFD. Mitochondrial morphology has been shown to 
be more elongated under starvation while high FFA concentration has been associated with 
increased mitochondrial fragmentation.  Although starvation and HFD conditions are not 
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comparable metabolically and mitochondrial morphology might serve other functions in 
these two metabolic states (Gomes, Di Benedetto et al. 2011), intracellular FFA 
concentration is increased in both of these metabolic states and thereby, FFA oxidation is 
enhanced.  Further investigation is required to understand the difference between FFA 
oxidation capacity and rate in fragmented versus elongated mitochondria. There is a 
possibility that mitochondrial morphology in opposite metabolic states servers to regulate 
FFA oxidation with different capacity or rate. This regulation might accrue at the level of 
FFA entry in to the mitochondria. 
 
FFA Entry to the Mitochondria might be Regulated Differently in 
Fragmented versus Elongated Morphology of Mitochondria 
 CPT1a, the rate limiting enzyme in β-oxidation, has been shown to form hetero-
oligomeric complexes with ACSL and VDAC in the mitochondrial outer membrane. 
Functional relevance of this complex is not known yet and further studies are required to 
determine the significance to these complexes in different nutritional states such as 
starvation or over nutrition (Lee, Kerner et al. 2011). Malonyl-CoA, the first intermediate 
of fatty acid synthesis, inhibits CPT1 and the sensitivity of CPT1 to malonyl-CoA has been 
shown to be regulated by mitochondrial outer membrane curvature and lipid characteristics 
(Rao, Warren et al. 2011). In addition, VDAC is the most abundant protein in the 
mitochondrial outer membrane, and it is expressed in three isoforms. (Lee, Kerner et al. 
2011). VDAC has been shown to control metabolite flux by modulation of its gating 
properties, thereby regulating the mitochondrial function (Turkaly, Kerner et al. 1999). 
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Elegant work of Dr. Hopple determined both CPT1 and VDAC as essential components of 
FFA entry to mitochondria for β-oxidation in which VDAC delivers acyl-CoA to CPT1 to 
generate Acyl-carnitine. VDAC loss of function has been shown to induce alteration in 
mitochondrial morphology (Park, Kim et al. 2010). Mitochondria in VDAC mutant 
expressing drosophila were formed elongated morphology in indirect flight muscle, 
whereas VDAC overexpression induced mitochondrial fragmentation. Further 
investigation revealed that increased mitochondrial fission by Drp1 expression inhibited 
the defects caused by the lack of VDAC in drosophila (Park, Kim et al. 2010). These data 
suggest that changes in mitochondrial morphology can regulate or replace both CPT1 and 
VDAC functions. Therefore, the possibility that alteration in mitochondrial morphology 
can bypass or activate one of these entry ports and therefore regulates FFA entry and 
oxidation rate needs to be investigated. 
 
Mitochondrial Dynamics at Subcellular Level may Regulate FFA Cycling and 
Adipogenesis 
 Despite higher capacity and fatty acid oxidation of Mfn2 KO mitochondria, Mfn2 
deletion in BAT increases lipid accumulation. Additionally, our investigation at the 
subcellular level suggested a redistribution of mitochondrial subpopulation in the absence 
of Mfn2 where the population of PDM and consequently mitochondrial heterogeneity in 
∆Ψ is reduced in the Mfn2 KO BAT. These findings plus the higher β-oxidation under 
Mfn2 deficiency, suggest that in the absence of Mfn2, there is higher lipid cycling which 
results in higher TG synthesis as well as lipolysis. In 2009, Kita et al. reported the 
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rearrangement of mitochondrial network during 3T3 L1 adipocyte differentiation in which 
mitochondrial morphology alters from filamentous to fragmented (Kita, Nishida et al. 
2009, Ducluzeau, Priou et al. 2011). Mitochondrial morphology remodeling also happened 
in other cell types including Hela cells upon addition of oleic acid extracellularly which 
induces mitochondrial fragmentation along with increase in TG accumulation (Kita, 
Nishida et al. 2009). Induction of mitochondrial fusion in 3T3 L1 preadipocytes and mature 
adipocytes (at day 16) as well as in HeLa cells by silencing Drp1or Fis1 resulted in reduced 
cellular TG content by ~ 35% while forced fragmentation of mitochondria through Mfn2 
or Opa1 silencing led to increase in cellular TG accumulation (Kita, Nishida et al. 2009). 
Although the mechanism still remains to be determined, these results are in agreement with 
our findings. In this regard, Dr. Schwarts’s group have also shown that inhibition of 
mitochondrial fusion in starved cells, increased FFAs accumulations in LDs and flux into 
neighboring cells (Rambold, Cohen et al. 2015). They suggested the impaired FFA 
oxidation as an underlying mechanism for higher lipid accumulation, however; FFA 
oxidation is enhanced in our system. To understand the mechanism by which mitochondrial 
fragmentation enhances lipid cycling, further investigation of TG synthesis signaling 
pathways and mitochondria-lipid droplet interaction under different mitochondrial 




Alteration in Mitochondrial Dynamics may Regulate its Interactions with 
Different Organelles under Diverse Physiological Stimulation and This may 
be Required for Its Function 
 Membrane-bound organelles such as mitochondria, endoplasmic reticulum (ER), 
lipid droplet, lysosome and peroxisome create distinct environments by interacting with 
each other and forming adjacent membrane contact sites (Raturi and Simmen 2013, 
Schrader, Costello et al. 2015). These interactions may facilitate intracellular signaling and 
have been shown to promote specific cellular tasks such as Ca2+ and lipid exchange, lipid 
synthesis and oxidation, or protein export. In this regard, mitochondrial sub cellular 
heterogeneity could be the consequence of the interaction of mitochondria with other 
organelles. Moreover, alteration in mitochondrial dynamics under different metabolic and 
hormonal stimulations could serve as a mechanism to facilitate switching its interaction 
from one organelle to another in order to expedite its required function.  
 Both mitochondria and peroxisomes are frequently found in close association with 
LDs (Novikoff, Novikoff et al. 1980, Schrader 2001, Binns, Januszewski et al. 2006, 
Sturmey, O'Toole et al. 2006, Shaw, Jones et al. 2008). These contacts may facilitate fatty 
acid transport from LDs to peroxisomes and mitochondria for oxidation. In addition, 
exchange of lipids between these organelles may also serve to replace membrane or be 
stored in LDs.  Perilipin 5, a LD-associated protein, has been identified to be involved in 
metabolic and physical interaction of mitochondria and LDs (Wang, Sreenivasan et al. 
2011). The underlying molecular mechanisms as well as the mitochondrial counterpart 
which interacts with Perilipin 5 remain largely unknown. Mitochondrial and peroxisomes 
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are also metabolically connected. They are both known to be dynamic organelles and it has 
been shown recently that they share the same fission machinery. Although FFA oxidation 
in peroxisomes and mitochondria is done for different purposes, defects in peroxisomal β-
oxidation or absence of peroxisomes have been associated with enlarged LDs (Dirkx, 
Vanhorebeek et al. 2005), indicating that FFA oxidation in peroxisomes is significant to 
influence the lipid metabolism in the cell. 
 Peroxisomes oxidize very long chain fatty acids and leads to shortened fatty acids, 
it has been suggested that these shortened fatty acids are then transferred to mitochondria 
to be fully oxidized as peroxisomal oxidation is not complete. Considering the enhanced 
mitochondrial fragmentation by hormonal stimulation via Drp1 activation in BA plus the 
defined role of this fragmentation in FFA oxidation, we hypothesize that mitochondrial 
fragmentation following NE stimulation in BA facilitates dissociation of elongated 
mitochondria from LDs and initiates its association with peroxisomes. This reorganization 
between intracellular organelles may serve to facilitate FFA trafficking and oxidation in 
mitochondria, LDs and peroxisomes. Our unpublished EM images of BAT from cold 
exposed mice supports the dissociation of mitochondria and LDs upon NE stimulation, 
however; further investigation is required to understand the role of peroxisomes and its 
dynamics as well as its interactions with mitochondria during NE stimulation in BA. 
 
Future Direction 
 Mitochondrial fragmentation in BAT can be investigated as a therapeutic approach 
against high nutrient and energy intake in human. We proposed mitochondrial 
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fragmentation as a mechanism involved in adaptive thermogenesis, however; the extent of 
adaptive thermogenesis in response to chronic high energy intake and its efficacy in body 
weight management in human is still controversial. However, regardless of the weight 
reducing effect of adaptive thermogenesis, increased FFA oxidation and turn over can still 
result in beneficial metabolic outcomes in high nutrient and energy intake environment.  
Despite the evidence supporting mitochondrial fragmentation and downregulation of Mfn2 
protein level in multiple tissues including skeletal muscle, beta cell and adipose tissue in 
response to HFD, long term mitochondrial fragmentation and lack of mitochondrial fusion 
could potentially results in consequent complications in mitochondrial quality control in 
some tissues. If the impaired mitochondrial quality control is not compensated by other 
mechanisms including autophagy, it can result in additive adverse effects to the 
complications of diet induced obesity by enhancing insulin resistance. Therefore, transient 
mitochondrial fragmentation could be a safer therapeutic approach in the over nutrition 
state. Recent study, has shown that AMPK activation induces mitochondrial fragmentation 
through phosphorylation of MFF (Toyama, Herzig et al. 2016). MFF is a receptor protein 
in the mitochondrial outer membrane which is also recently recognized as AMPK substrate. 
Transient mitochondrial fragmentation and increase EEX via tissue specific activation of 
AMPK, can be beneficial in other ways as well. AMPK activation also increases autophagy 
and mitogenesis which could potentially enhance the removal of damaged mitochondria 
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